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Abstract 
COLM ANTHONY MORAN 
DEVELOPMENTS AND BENEFITS OF LIQUID FEEDING FOR THE POST-
WEANED PIG 
A programme of study was undertaken to assess the safety and ,palatability of fermented 
liquid feed. 
A senes of laboratory experiments was conducted to select an inoculant capable of 
fermenting liquid feed at 20°C. Whilst combinations of cultures dropped the pH the most 
rapidly, the Lb. plantarum (PC) strain decreased the pH the lowest. A series of trials were 
conducted' using a 1ifampicin mutant of Lb. plantarum (PC) to examine the fate of the 
starter culture. In an experiment using liquid milled wheat the addition of the starter 
culture resulted in an improvement in the inhibition of colifom1s over the control (no 
inoculant). 
A senes of fennentations prepared usmg Lb. plantarum (PC) were challenged with 
potential porcine pathogens at three temperatures (20°, 30° and 37°C) and' after the feed had 
been fermented for different periods of time (24, 48, 72 and 96h). This study demonstrated 
that fennentation is an effective mechanism for eliminating potential porcine pathogens 
from liquid feed, However, the rate at which these pathogens are inactivated is dependent 
on temperature, duration of fermentation and challenge strain. The effect of temperature 
on the ability of E. coli and Salmonella spp. to survive in fermented liquid feed has 
implications for the management of liquid feeding systems. 
A study was conducted to examine the effect of feed form on the microbiology of the 
young piglets' gut. The benefits of feeding a FLF diet compared with a non-fermented 
liquid feed (NFLF), a conventional pelleted dry feed (DF) and leaving the piglet to 
continue to suckle the dam (S) for two weeks post-weaning were assessed. No coliforms 
bacteria (< 3.0 log 10 cfu g-1) were detected at the terminal ileum section of pigs fed FLF 
compared with 8.5, 8.1 and 6.0 log10 cfu g-1 digesta in DF, NFLF and S pigs respectively. 
These results have implications in terms of .piglet health and dietary prevention ofenteric 
diseases. 
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Chapter/ Literature review 
1.1 The weaner pig 
1. 1. 1 The weaning process 
In the wild, weaning is a gradual transition from a liquid diet, exclusively based on sow's 
milk (circa 200g dry matter per kg) to a solid diet, over a period of 17-18 weeks post-
partum (Jensen and Recen 1989). During this time the piglet learns to forage and obtain 
food for itself, in order to compensate for the depleting milk supply. The natural 
progression from a milk based diet, to a mixed diet, ending in one without milk, provides 
suitable conditions for the gradual development of both the enzyme and immunological 
systems of the immature gastrointestinal tract, by providing stimulus and allowing time for 
such developments (Kidder and Manners 1978; Holland 1990; Gestin, Le Huerou-Luron, 
Le Drean, Peiniau, Rome-Philouze, Aumaitre and Guilloteau 1997). It also provides time 
for changes in the microbial ecology of the gastrointestinal tract which must adapt to the 
new dietary input (Buddington 1998). 
However, the situation in commercial pig units is very different from this. The domestic 
piglet is weaned abruptly from a liquid diet, of around 20% dry matter, to a compound diet 
with around 85% dry matter, usually presented in a pelleted form (Brooks, Moran, Beal, 
Demeckova and Campbell 2001). Weaning takes place between 14 to 35 days depending 
on the country, with the majority in the United Kingdom being weaned at 21 to 25 days 
(Partridge and Gill 1993). The primary objective at weaning is to ensure that the transition 
from sow's milk to the postweaning diet is as smooth as possible without compromising 
growth or predisposing the young animal to disease (Partridge and Gill 1993). 
The practice of weaning at 3 weeks of age has been justified by the resulting increase in 
sow productivity (i.e. pigs I sow/ year) (English, Fowler, Baxton and Smith 1996). This is 
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achieved through an earlier return to service by the sow, and thus an increase in the 
number of litters per sow per year. The increase in sow productivity is seen to outweigh 
the benefits of allowing the sow to care for her piglets naturally (Partridge and Gill 1993). 
This age also coincides with a reduction in milk output from the sow during the second and 
third week oflactation (Pluske, Williams and Aheme 1995). 
As well as the dietary changes, the piglets must adapt to the removal from the dam, new 
accommodation and mixing of litters (Hardy 1992). This results in weaning being one of 
the most stressful periods of a pig's life. The immaturity of the immune and digestive 
systems of the young pig in conjunction with the removal of the beneficial factors, such as 
natural antibacterials and immunoglobulins, present in the sow's milk results in the piglet 
undergoing a transient 'growth check' (Gaskins 1996). This growth check is characterised 
by poor growth or weight loss, reduced feed consumption, diarrhoea and occasionally, 
morbidity and mortality (Pluske et al. 1995). A post-weaning growth check has been 
implicated in long terrn growth deficiencies. An inadequate protein intake post-weaning 
will adversely affect future protein deposition (Tullis, Henderson and Whittemore 1980; 
Rodriguez, Young and McMi llan 1982). Although there is a short period of compensatory 
nitrogen retention following a period of deprivation, this appears to be directed to the 
replenishment of labile nitrogen stores and does not impact on skeletal muscle (Tullis and 
Whittemore 1986; Tullis, Whittemore and Phillips 1986). This muscle growth lost through 
inadequate post-weaning nutrition is not regained through subsequent compensatory 
growth (Whittemore and Green 2000). 
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1.1.2 Changes to the digestive system 
The components of the digestive system which are mainly responsible for the digestion and 
absorption of food are the stomach, small intestine, pancreas and liver (Kidder and 
Manners 1978). The ability of the pig to carry out digestive and absorptive functions will 
depend on the physical capacity of the gut, the nature and amount of the secretions it can 
provide (e.g, acid, enzymes, bicarbonate and bile), the development of mechanisms to 
control these secretions, and the digestive and absorptive capacity of the mucosal surface 
of the small intestine (Cranwell 1995). Following weaning, .pigs require relatively larger 
digestive systems than suckling pigs if they are to satisfactorily digest and absorb the 
inherently less digestible post-weaning diets and maintain a satisfactory growth rate 
(Cranwell 1995). The period of time it takes the piglet digestive system to mature is thus 
one of the limitations affecting post-weaning performance. Maturity of the digestive 
system can be defined as 'the ability, which is possessed by the adult pig, to digest a wide 
range of different foodstuffs' (Kidder 1982). 
Changes in gastric acidity 
The stomach is the first major site of digestion where food particles are degraded in the 
presence of gastric secretions of hydrochloric acid (HCI). Although sow's milk has a high 
buffering capacity, it does not strongly stimulate the secretion of HCI (Kidder and Maners 
1978). Furthem10re, the presence of lactic acid, produced in large quantities in the 
stomach of suckled pigs by the lactic acid bacteria, may partly or completely inhibit HCI 
secretion (Bolduan, Jung, Schnabel and Schneider 1988; Cranwell 1995). The low pH 
maintained during suckling by the presence of lactic acid is removed after weaning, 
regardless of the age of the piglet and composition of the diet (Bolduan et al. J.988). 
Although, a positive linear relationship between maximal acid output and bodyweight has 
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been reported in pigs from birth to 5-6 weeks of age (Cranwell 1985a; Xu and Cranwell 
1990). 
There is an increase in gastric pH after weaning due to the limited capacity of the piglet to 
secrete endogenous HCI. A stomach pH above 4.0 results in reduced proteolysis and 
hence, undigested material passes into the small and large intestine where it provides a 
nutrient substrate for the potentially pathogenic microflora (Bolduan et al. 1988; Cranwell 
1995; Hill and Sainsbury 1995). Thus, gastric acidity is one of the most important non-
immunological defence mechanisms in the pig, whereby extreme acidity limits the number 
of viable pathogenic microbes that reach the small intestine and furthermore, limits the 
amount of undigested material that can act as a substrate from passing to the large 
intestine. 
Changes in enzyme secretions 
Weaning has a marked effect on the pattern of enzyme development in the young piglet 
because they lack their full complement of enzymes and their digestive system has not 
reached maturity. The dramatic change in diet which occurs at weaning demands that the 
pig possesses appropriate stomach secretions, pancreatic and intestinal enzymes which are 
not fully developed during the suckling period (Aumaitre, Peiniau and Madec 1995). 
Increasing feed intake during the post-weaning period has been found to be very important 
for the development of digestive enzyme activity (Shields, Ekstrom and Mahan 1980; 
Owsley, Orr and Tribble 1986; Kelly, Smyth and McCracken 1991 a; Kelly, Smyth and 
McCracken 1991 b; Makkink, Negulescu, Guixin and Verstegen 1994 ). Hence, higher 
nutrient intake is an important factor in stimulating the release of higher rates of pancreatic 
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enzyme secretion (Kelly et al. 1991 a). Furthermore, there is considerable evidence that the 
development of enzyme secretion is stimulated as a result of the substrate the piglet 
consumes during the post-weaning period (McCracken 1984; McCracken and Kelly 1984; 
Pluske, Hampson and Williams 1997). 
Morphological changes to the small intestine epithelium 
The weaning process has a profound effect on the morphology of the small intestine. In 
.particular, there is a reduction in the villus height (villus atrophy) and an increase in crypt 
depth (crypt hyperplasia) after weaning (Hampson 1986a; Hampson 1986b; Hampson 
1986c; Miller, J ames, Smith and Boume 1986; Cera, Mahan, Cross, Reinhart and 
Whitmoyer 1988; Kelly et al. 1991 a; Kelly et al. 1991•b; Pluske, Williams and Aheme 
1996a; Pluske, Williams and Aheme 1996b). Villus atrophy reduces the digestive capacity 
of the gut, thereby allowing a greater concentration of nutrients to reach the hindgut, 
particularly following a period of starvation and subsequent hyperphagia. "J:he large 
concentration of nutrients in the hindgut can promote a dysbiotic micro flora and potentially 
result in post-weaning diarrhoea. 
Pluske, Hampson and Williams ( 1997) have comprehensively reviewed the factors 
influencing the changes in structure and function of the small intestine in the weaned pig. 
These authors categorised the major factors implicated in the aetiology of these changes, 
into five groups: 
the role of enteropathogens, 
poor response to the stressors at weaning, 
the withdrawal of milk-borne, growth promoting factors, 
the role of new dietary components, 
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• cytokines as regulators of intestinal development. 
Furthermore, the importance of continuous feed intake as a means of maintaining gut 
integrity and reducing the symptoms of post-weaning growth Jag has been established 
(Kelly et al. 199la; Kelly et al. 1991b; Pluske et al. 1996a; Pluske et al. 1996b). These 
studies highlighted the interdependence of absorbed nutrients, villus architecture and 
growth rate during the period immediately post-weaning. 
Changes in immune jimction 
After birth, the piglet is dependent on acqumng immunity m the form of maternal 
antibodies that are transferred in sows' milk (Gaskins and Kelley 1995). This passive 
immunity protects the piglet for the first 2-3 weeks of age while it develops its own 'active 
immunity'. Active immunity develops as a result of genetic and environmental stresses 
(Gaskins and Kelley 1995), Furthermore, the gastrointestinal microflora is essential for 
mucosal immune education (activation) and amplification of immunocompetent cells 
(Holzapfel, Haberer, Snel, Schillinger and Huis in't Veld 1998). 
The piglet's immune system does not mature until 6-8 weeks of age (Cromwell 1991 ). 
This discrepancy between the time when the piglets supply of maternal antibodies 
diminishes and the time it takes for development of its own active immunity is sometimes 
referred to as the immunity gap (Gaskins and Kelley 1995). Piglets are especially 
vulnerable during this immunity gap in which antibody levels have declined in milk and 
before active immune mechanisms are developed. 
The stress experienced at weaning has been shown to cause significant changes in some 
components of the immune system (BJ'echa, Pollman and Nichols 1983; Svendsen and 
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Svendsen 1987). Blecha et al. (1983) studied the effects of weaning at 2, 3, 4 and 5 weeks 
on cellular immunity. Their findings suggest that weaning at less than 3 weeks of age 
would compromise the immune status of the piglets. Furthermore, weaning pigs at less 
than 5 weeks of age would result in physiological changes detrimental to cellular immune 
function, which could alter disease susceptibility. 
1.1.3 Changes to the gastrointestinat microftora 
Development of the gastrointestinal microflora 
At birth, the young pig that is axenic in utero is suddenly confronted with a complex 
bacterial environment (Jensen 1998). The major source of bacteria for the newborn pig is 
the maternal faeces. The piglet not only acquires bacteria from the sow's faecally 
contaminated vagina and perineum during birth, but also from the skin and teats of the 
sow, which are usually contaminated as well (Tannock, Fuller and Pedersen 1990). 
Sansom and Gleed (1981) conclusively demonstrated that from the first day of life and 
throughout the suckling period piglets ingest considerable quantities of their mothers' 
faeces. 
From the moment of birth onwards, the piglet is continuously exposed to bacteria in its 
rearing environment (Savage 1977; Maxwell and Stewart 1995). The gastrointestinal 
microflora develops very quickly after birth. Escherichia coli and Streptococcus spp. can 
be found in the faeces of the neonate within 2 hours of birth. Lactic acid bacteria dominate 
within 24 hours with a subsequent decrease in the numbers of coliforms present. 
Clostridium perfringens appears some hours later, and by 48 hours, the dominant flora 
consists of lactobacilli. From that moment onwards, large numbers of strict anaerobes, 
such as Bacteroides spp, are also found in the faeces (Ducluzeau 1985). It has been shown 
that the total bacterial count reaches a stable level of I 09 - 10 10 colony forn1ing units (cfu) 
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per gram faeces, though it can take up to at least 120 days before the composition has 
stabilised (Swords, Wu, Champlin and Buddington 1993). The gut microorganisms as a 
whole are called the gastrointestinal microflora. The microflora forms a dynamic 
ecosystem with its host; there are continuous interactions with biotic components 
(autochthonous and allochthonous bacteria, and epithelial cells) and chemical components 
(endogenous secretory components and undigested nutrients) (Raibaud 1992). 
From a nutritional point of view, the microflora can be considered as an organism that 
requires nitrogen, energy, vitamins, and minerals for its maintenance and growth. The 
main energy sources are dietary carbohydrates that have not undergone enzymatic 
digestion, although endogenous mucin also provides substantial amounts of carbohydrates 
(Monsma, Vollendorf and Marlett 1992). 
Microflora at weaning 
It is known that abrupt changes in the diet, starvation, water deprivation and stress, all of 
which may occur during the weaning period, can adversely affect the normal microflora of 
the gastrointestinal tract (Mitsuoka 1982; Tannock 1983). Furthermore, weaning at three 
weeks of age deprives the piglet ofthe protection of the maternal antibodies in sow's milk. 
Huis in't Veld and Havenaar (1993) showed that in the period immediately following 
weaning at 27 days the numbers of lactobacilli decreased dramatically (approx. I 000-fold), 
while the numbers of Escherichia coli increased far above the numbers of lactobacilli. 
Mathew et al. (1996) investigated the influence of weaning age, 3 or 4 weeks, on the ileal 
microflora. They found that piglets weaned at 3 weeks had a 1000-fold reduction in 
lactobacilli numbers, while numbers decreased 30-fold in piglets weaned at 4 weeks. 
Furthermore, the percentage of haemolytic coli forms increased with age of pigs on both 
treatments but was of a greater magnitude and persisted for longer periods in pigs weaned 
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at 21 days compared with pigs weaned at 28 days. Hampson et al. (1985) found that the 
number of haemolytic E. coli and rotaviruses were significantly increased in the small 
intestines of piglets by weaning. Thus, this period is characterised by high mortality 
associated with diarrhoea (Jonsson and Conway 1992). 
Relationship of intestinal microflora and its relevance to health and performance 
The intact intestinal epithelium with an optimal intestinal flora represents a barrier to the 
invasion or uptake of pathogenic microorganisms, antigens and harmful compounds from 
the gut lumen (Holzapfel et al. 1998). In healthy pigs this barrier is stable, providing host 
protection, norrnal intestinal function and immunological resistance. The 'state of balance' 
or 'eubiosis' within the microbial population describes the status of particular microbial 
groups within the gastrointestinal tract (Holzapfel et al. 1998). The balance is maintained 
by sensitive interactions between living and abiotic compounds in this 'enclave of external 
environment' (Ducluzeau 1985). The opposite situation is terrned 'dysbiosis'. This 
unstable state refers to the qualitative and quantitative changes to the intestinal microflora, 
their metabolic activity and their local distribution (Holzapfel et al. 1998). The intestinal 
physiology and host defence mechanisms are fundamental in preventing over-growth of 
the micro flora and in determining the final composition and distribution of the micro flora 
throughout the gastrointestinal tract (Table 1.1 ), 
The intestinal flora contributes to overall health by a number of physiological functions. 
Bacteria typical of the nom1al intestinal flora may possess a range of beneficial features, 
for example, synthesis of vitamins 8 and K, detoxification of food components or 
endogenous products, recovery of endogenous nitrogen, stimulation of the immune system 
and production of digestive and protective enzymes (Coates 1980). 
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Table 1.1 Factors affecting the microflora of the gastrointestinal tract (Hopzapfel et 
al. 1998). 
1. Host mediated factors 
pH, secretions such as immunoglobulins, bile, salts, enzymes 
Motility, e.g. speed, peristalsis 
Physiology, e.g. compartmentalisation 
Exfoliated cells, mucins, tissue exudate. 
2. Microbial factors 
Adhesion 
Motility 
Nutritional flexibility 
Spores, capsules, enzymes, antimicrobial components 
Generation time 
3. Microbial interactions 
Synergy 
Metabolic co-operation 
Growth factors and vitamin excretion 
Changes to Eh, pH, 0 2 tension 
Antagonism I stimulation 
Short-chain fatty acids, amines 
Changes to redox potential, pH, 0 2 tension 
Antimicrobial components, siderophores 
Nutritional requirements, etc. 
4. Diet 
Composition, non-digestible fibres, antibiotics, drugs, etc. 
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In addition to contributing to the nutritional economy of the host, indigenous gut bacteria 
are critically important for the development and maintenance of healthy gastrointestinal 
function. Perhaps the most important contribution of the normal microbiota is its ability to 
inhibit the colonisation of invading microorganisms in the intestine (Hentges 1983). This 
concept is commonly referred to as 'colonisation resistance'. Mechanisms by which normal 
bacteria contribute to colonisation resistance include the establishment of an inhospitable 
pH, competition for attachment sites on the intestinal epithelium, and the local production 
of antibiotics known as bacteriocins (Table 1.2) (Savage 1977; Rolfe 1997). 
The quantitative and qualitative characteristics of the bacteria resident in the GIT are 
known to be related to host health (Muralidhara, Sheggeby, Elliker, England and Sandine 
1977). Lactic acid bacteria (e.g. lactobacilli and bifidobacteria) are considered to provide a 
variety of health benefits (reviewed by (Gibson and Roberfroid 1995; Kelly 1998)). In 
contrast, certain strains of E. coli and species of Clostridium, Salmonella, and certain 
Gram-positive bacteria are known pathogens and to be involved in intestinal putrefaction 
and toxin production (Rolfe 1997). Therefore, there is an interest in promoting a resident 
micro flora that will promote health and decrease the risk of disease. 
12 
Chapter I Literature review 
Table 1.2 Mechanisms for colonisation resistance (adapted from Rolfe 1997) 
• Direct antagonism 
• depletion of I or competition for essential subs/rates 
• competition for carbon and energy sources 
depletion of essential minerals and vitamins 
• competition for bacterial receptor sites 
• correlation between adherence of pathogens and pathogenicity 
• nutrients concentrate at solid-liquid interface .:. microbes which attach to 
epithelial cells are advantaged 
creation of a restrictive physiological environment 
hydrogen ion concentration, oxidation-reduction potential, hydrogen sulphide 
and volatile fatty acids 
production of an antibiotic-like substance 
bacterialmetabolites produced by one bacteria resulting in the inhibition of 
another, including: ammonia, hydrogen peroxide, lysostaphin, bacterial 
enzymes, bacteriophage tails, defective bacteriophage and bacteriocins. 
• Indirect antagonism 
• chemical modification of bile salts 
• deconjugation of glycine and taurine 
dehydroxylation of primary bile salts to form secondary bile acids 
other chemical modifications 
• induction of immunological processes 
stimulation of TgG and lgM production 
stimulation of peristalsis 
the presence of the intestinal micro flora stimulates pefistalsis, which in turn 
influences the ability of bacteria to colonise the intestinal tract. 
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1.1.4 Post-weaning enteritis 
The aetiology of post-weaning enteritis m p1gs is complex and multifactorial (Holland 
1990). Although severe and persistent diarrhoea may be attributed to intestinal microbial 
pathogens, it is also true that the natural process of weaning and the dietary changes 
inherent to it are factors, which cause young piglets' susceptibility to this condition 
(Sissons 1993). Diarrhoea arises through the breakdown of the bi-directional balance of 
fluid transport in the gastrointestinal tract resulting in an accumulation of fluid in the 
lumen of the intestine and hence a decrease in faecal dry matter to below 20% (Sissons 
1993). 
The single maJor bacterial cause of post-weaning piglet diarrhoea world-wide is 
enterotoxigenic colibacillosis caused by enterotoxigenic Escherichia coli (ETEC) but other 
bacteria including Salmonella spp., Campylobacter spp., Lawsonia intraceffularis and 
Clostridium perfringens (Type C) may also be implicated with the disease (Sissons 1993). 
Non-bacterial causes include the protozoa C!yptosporidium spp., Isospora suis, 
Strongyloides ransomi and Trichuris suis. Viral agents including rotavirus, transmissible 
gastrointestinal virus, porcine adenovirus and coronavirus may also be implicated in the 
disease (Hinton and Mead 1990; Holland 1990; Jonsson and Conway 1992; MVM 1998). 
Post-weaning diarrhoea usually occurs approximately 4 to I 0 days after weaning (Jonsson 
and Conway 1992). If left untreated, this condition can lead to dehydration and death of 
the piglet, resulting in economic losses for the producer. In severely affected herds, 
morbidity is generally high and mortality, generally through dehydration, can reach 20 to 
25 percent (Svendsen, Larsen and Bille 1974; Miller, Newby, Stokes and Boume 1984b). 
Moreover, Ball and Aheme ( 1982) showed that weaned pigs suffering from diarrhoea 
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showed reduced growth between days 21 and 35, and required 65 to 72 percent more feed 
per unit weight gain compared with healthy pigs. However, it was reported that diarrhoea 
had no significant effect on overall growth rate, to 90 kg live weight. As a result of such 
welfare and economic problems, the industry has introduced measures to limit the 
incidence and severity of diarrhoea during the weaning process. Until recently, the 
industry controlled the problems of weaning, especially post-weaning diarrhoea, primarily 
through the use of prophylactic antibiotics. 
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1.2 Management approaches to enteric problems in the post-
weaned piglet 
• 
1.2.1 Creep feeding 
Creep feeding is a common commercial practice involving the provision of small quantities 
of dry pelleted feed to pre-weaned piglets. The aim of creep feeding is two-fold, firstly to 
familiarise the piglet with solid food (Aheme, Danielsen and Nielsen 1982; Partridge and 
Findlay 1988) and secondly, by stimulating an earlier development of the digestive enzyme 
system (Aumaitre et al. 1995). Although the piglet's digestive system develops slowly 
there is evidence that earlier development of sucrase, maltase and amylase activity can be 
induced by encouraging earlier consumption of non-milk sugars, starch and protein (Miller 
et al. 1986). 
The pelleted diet, based predominantly on cooked cereals (e.g. wheat or barley) and animal 
and plant protein (e.g, dry skimmed milk powder and soybean meal), is fed from 10 to 14 
days of age until weaning (Pluske et al. 1995). This practice has produced conflicting 
results in different studies. Creep feeding was initially devised to supplement the 
diminishing milk supply of the sow, from the third week of suckling, when pigs were 
weaned at 6 to 8 weeks of age. In current commercial practice pigs are weaned earlier than 
this. Therefore, the benefits of supplying feed to suckling piglets weaned at 3 weeks of age 
are less evident (Fowler 1980; Lightfoot 1984; Pluske et al. 1995). 
The physiological effects of creep feeding are still unclear. In studies by Cranwell (1985a; 
1985b ), suckling piglets that had received no creep feed were compared with littem1ates, 
which were reared by the sow until weaning at 21 days, but were allowed access to solid 
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food (creep-feed) from 14 days of age. Both groups were entirely dependent on solid food 
after weaning at 21 days. The results of these experiments indicated that the gastric acid 
secretory capacity developed more rapidly in pigs provided with creep feed and weaned on 
to solid food. The greater acid secretory capacity of the creep-fed piglets was related to 
them having more stomach tissue per unit bodyweight and to the stomach tissue itself 
being capable of producing more acid per unit stomach weight (Cranwell 1985a; Cranwell 
1985b). Furthermore, studies by de Passille et al. (1989) suggested that heavier pigs at 21 
days of age have a more developed gastrointestinal tract than smaller piglets. Therefore, 
the suggestion is that, offering creep feed to the suckling piglet may produce heavier 
piglets at weaning, which are more able to cope with the weaning process. Nabuurs (1995) 
showed that allowing piglets access to creep feed was beneficial in preserving villus height 
seven days post-weaning. However, Hampson and Kidder ( 1986) reported large, rapid 
reductions in the specific activity of lactase and sucrase that reached minimum levels four 
to five days after weaning and occurred regardless of whether creep feed was offered prior 
to weaning or not. 
Brooks and van Zuylen (1998) who fed a creep diet in either a solid or liquid form found 
that the lighter piglets, which were disadvantaged while feeding from the sow, consumed 
more creep feed than their heavier counterparts. They concluded that this familiarity with 
creep feed was the reason for the higher feed intakes and improved growth rates of the 
lighter pigs, during the early post-weaning period. Furthermore, offering creep feed in a 
liquid form has been shown to be beneficial to the metabolic status of piglets 5 days post-
weaning by maintaining alkaline phosphatase at the 25% section of the small intestine, and 
low non-essential fatty acids and high glucose levels in the blood (Miller, Perris, Toplis 
17 
Chapter 1 Literature review 
and Blanchard 2000a). These results may help to explain the positive response that is 
frequently observed when piglets are fed liquid feed around weaning. 
A number of studies have suggested that low levels of creep feed, i.e. insufficient levels to 
produce maturity of the gastrointestinal tract, can result in severe post-weaning disorders, 
due to the intestinal immune system being 'primed' to the antigens present in the post-
weaning diet (Miller et al. 1984b; Miller, Newby, Stokes and Boume 1-984a; Newby, 
Miller, Stokes, Hampson and Boume 1985). According to the 'transient hypersensitivity' 
hypothesis, a high intake of creep feed before weaning favours immune tolerance whereas 
a low intake primes immune tolerance and predisposes the weaned piglet to diarrhoea 
(Pluske et al. 1997). Weaning at three weeks of age predisposes the piglet to such 
hypersensitivity, as it has usually eaten insufficient creep feed. Therefore, it has been 
suggested that abrupt weaning at 3 weeks of age, without prior creep feed, will reduce the 
occurrence of hypersensitivity and subsequent post-weaning diarrhoea (Miller et al. 1984b; 
Miller et al. 1984a; Newby et al. 1985). However, this hypothesis remains highly debated 
as supporting data in both feeding experiments and studies where infection has been 
induced using enterotoxigenic strains of E. coli is ambiguous as to the benefits or pitfalls of 
creep feeding (Piuske et al. 1997). 
1. 2. 2 Improved understanding of the post-weaning diet 
If the nutritional stress of interrupted feed intake at weaning could be overcome, then the 
transition from sow's milk to solid food would: be less traumatic, reduce post-weaning 
diarrhoea and benefit pig performance (Pluske et al. 1995). Fowler and Gill' (1989) 
calculated that a 21 day old, 6 kg, weaned piglet would need to eat 475 g of a nutrient 
dense ( 16.5 MJ DE kg. 1) feed to maintain its pre-weaning growth rate of 280 g per day. In 
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commercial practice it is extremely difficult to achieve such growth rates in the first week 
post-weaning. As such, piglets under modem production practices have an unrealised 
growth potential, which can have a major impact on the subsequent performance. 
Prior to weaning, the piglet receives 20-24 regular meals per day of a very palatable, 
highly nutritious and digestible milk diet. Sow's milk contains approximately (g kg" 1 OM) 
fat 450, lactose 250, protein 280, as well as essential vitamins and minerals, 
immunoglobulins, regulatory factors and digestive enzymes (lipase and amylase) (Pluske 
et al. 1995). The piglet receives more than 50% of its total gross energy from the lipid 
fraction of the sows milk (Table 1.3). 
Table 1.3 Composition and proportions of gross energy in each component of sow's 
milk (English et al. 1996). 
Component g kg· fresh milk kJ ofgross energy o/o.of total gross 
kg· 1 fresh milk energy 
Lipid 75 293 56 
Protein 60 144 28 
Lactose 50 85 16 
Selection of raw ingredients 
The challenge for the nutritionist is to produce a feed that reduces the impact of the 
transition from sow's milk to a dry, cereal based diet. High quality, first-stage diets, are 
formulated to match the requirements for high digestibility, low antigenicity and good 
palatability. Undigested carbohydrates and proteins pass into the large intestine and can 
allow the proliferation of pathogenic bacteria and cause gastrointestinal illness and 
scouring. Therefore, the feed must be readily digestible by the immature digestive tract of 
the piglet and maximise feed usage. It is essential for the nutritionist to consider the age 
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and physiology of the pig when selecting sources and levels of amino acids, carbohydrates 
and fat. The weaned pig is characterised by a capacity for a high level of protein 
deposition; low level of feed intake; high lactase and low amylase, maltase, sucrase and 
lipase activities and a limited ability to utilise fat (Ewing and Cole 1994; English et at 
1996). 
A nutrient received by the piglet is a product of the nutrient concentration in the diet and 
feed intake (grams per day). Modem post-weaning diet formulations are based on the 
essential amino acid requirements of piglets eating a specific quantity of feed a day. 
Hence, the capacity for a high level of protein deposition in relation to the level of feed 
intake necessitates the inclusion of high levels of essential amino acids. Supplementation 
of the diet with essential amino acids is common practice to ensure the correct balance is 
met at the lowest protein concentration, which therefore minimises the quantity the piglet 
needs to deaminate and excrete or is made available to the microflora in the lower gut. 
Commercial experience suggests that the incidence of post-weaning diarrhoea is higher, 
the higher the level of crude protein in the diet. Therefore, careful selection of ingredients 
for digestibility, as well as providing the correct level and balance of protein in the diet is 
important. In the United Kingdom, high quality fishmeal, whey protein and skim milk are 
typically included. Soya protein is not typically used in the starter diet due to problems 
with hyper-antigenicily. Furthem10re, reducing crude protein also reduces the acid binding 
capacity of the diet. 
Several studies have suggested that gut structure and function after weanmg may be 
limited by the unavailability of certain conditionally essential ammo acids, such as L-
glutamine (Wu, Meier and Knabe 1996; Pluske et al. 1996a). L-glutamine is the principal 
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fuel used by the gut epithelium and it is fundamental for cellular energy metabolism. It is 
present in high concentrations in sows milk and is required by the villus enterocytes to 
support metabolism, as well as the structure and function of the gut. ~hus, after weaning, 
at a time when the maternal supply of glutamine disappears and feed intake is low, 
supplementation with synthetic glutamine may offer a means of enhancing the structure 
and function of the gut (Piuske et al. 1996a). 
As feed intake is limited during the period immediately post-weaning, a highly digestible 
carbohydrate source is included due to the relatively high net energy value and ability to 
stimulate feed intake (English et al. 1996). Cereal components are often heat treated to 
improve digestibility, through disruption of the crystalline structure of the starch grain. 
Lactose, in either pure form or in a milk product, is also included due to its high 
digestibility in the young pig. The use of high levels of fat to increase the energy density 
of the diet is wasteful, as fat utilisation is limited in the pig before 35 days of age. 
Inclusion of high levels of antioxidants must accompany unsaturated fats to prevent 
rancidity, which can induce gastrointestinal disorders (English et al. 1996). 
Enzymes 
Enzymes, as biological catalysts, are involved in all anabolic and catabolic pathways of 
digestion and metabolism. Nutrients like proteins, fat and carbohydrates can only be 
absorbed in nutritionally significant quantities in the form of free amino acids, fatty acids, 
and monosaccharides, or oligopeptides - saccharides. Such digestive processes will not 
occur without the relevant enzymatic reactions. The quantities of enzymes excreted into 
the gut by the immature digestive tract may not be sufficient for optimal digestion of 
dietary nutrients (Kidder and Manners 1978). Up to the time of weaning the sow's milk 
21 
Chapter I Literalllre review 
supplemented the young piglet with lipase and amylase enzymes. There is an increasing 
interest in the inclusion of enzymes in diets to improve nutrient digestion and absorption 
through the supplementation of the digestive enzymes and also through the addition of 
enzymes to reduce anti-nutritional factors in the feed. Incidence of scouring is also 
reduced, since less undigested material is passed into the large intestine, thereby reducing 
the substrate available for the proliferation of pathogenic bacteria. 
The maJor categories of feed enzymes used commercially can be subdivided into 
carbohydrases, phytases and proteases (Partridge 2000). Carbohydrases are primarily 
targeted at the non-starch polysaccharide component of pig feed. Xylanase and beta-
glucanase enzymes are used to reduce variability in the feeding value of cereal grains. 
This is particularly important in the young piglet, which is susceptible to fibre constituents 
that interfere with efficient digestion and absorption and hence reduce voluntary feed 
intake (Partridge 2000). 
Sufficient total phosphorus is present in natural feed ingredients to meet the phosphorus 
requirements of piglets but is usually unavailable because of the poor digestibility ofphytic 
acid (Pierce 2000). A possible solution to this problem is to add phytase enzyme to animal 
feeds to improve digestibility of phosphorus in phytic acid (Pierce 2000). The inclusion of 
phytase has a dual benefit as phytic acid forms insoluble complexes with essential 
minerals: copper, zinc, iron, magnesium and calcium that are released in the enzymatic 
process (Adams 1999). Furthermore, phytase is added to diets to reduce the acid binding 
capacity of feed by reducing the dicalcium-phosphate addition, thereby reducing the 
quantity of hydrochloric acid needed to reduce gastric pH. 
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Many vegetable proteins, such as those in soybean, are poorly digested and require heat 
treatment and processing to reduce the presence of heat labile anti-nutritional factors (Beat 
1999). Many of the factors that affect the utilisation of raw soybeans by ·piglets are 
proteinaceous in nature (Bedford and Schulze 1998). Hence, it has been postulated that 
exogenous enzymes could be used to reduce the activity of the anti-nutritional factors such 
as the serine protease inhibitors and antigenic proteins in raw soybeans (Huisman and 
Tolman 1992; Dierick and Decuypere 1994; Kitchen 1997). 
Feed form 
Ingredients may be processed to alter their physical or chemical properties. Diets are 
pelleted for principally five reasons: to reduce pathogen load of feed, to increase 
palatability, to minimise wastage on farms, to improve handling characteristics ofthe feed, 
and to reduce dust in pig pens and hence respiratory problems for the pig and producer. 
Pellet quality and particle size, have been reported to have that an effect on performance 
(Hanrahan 1984; Chae and Han 1998). Optimum particle sizes of grains are affected by 
diet complexity. There is a benefit from reducing particle size in .order to increase average 
daily gain in pigs fed a simple diet, though such was not the case for pigs fed, a complex 
diet (Chae and Han 1998). A higher incidence of 'fines' (i.e. dust) in pelleted diets has 
been correlated with poorer feed conversion ratio in pigs (Chae and Han 1998). Particle 
and pellet sizes are also important in terms of grinding, digestibility, stomach ulceration 
and pellet durability (Hanrahan 1984; Chae and Han 1998). 
Anecdotal evidence suggests one of the most successful means of enhancing feed intake 
shortly after weaning is to present the feed in liquid or gruel form. Observations made on 
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commercial farms in Britain indicate that wet feeding may increase feed intake after 
weaning by as much as 35 % (Toplis 1992). This is further supported by the observation 
that liquid feeding stimulates the development of the gut in the newly weaned piglet 
(Piuske et al. 1995). The improvement in feed intake with liquid feeding may also be 
related to piglet behaviour, as piglets do not have to leam both a drinking and a feeding 
behaviour due to feed and water being available from the same source. However, when 
feed is supplied as liquid or gruel, great care must be taken to ensure that the feeders 
remain clean and that the feed remains fresh i.e. that no moulds or bacteria develop in the 
feed. 
1. 2. 3 The use of antibiotic growth promoters 
Antibiotics have been a great boon of the livestock indus(ly and if we continue searching 
for new and more effective antibiotics, then the use of antibiotics in livestock ratio11s will 
last forever. If we become complacent and self-satisfied with the present tetracyclines, the 
penicillins and the zinc bacitracins. then slowly but surely they will be replaced with other 
types of bactericidal agents (Beeson 1 958). 
HistOI)' of antibiotic use 
Despite the development of more sophisticated post-weaning diets it has not been possible 
to eliminate the post-weaning growth check and concomitant post-weaning diarrhoea 
(English et al. !996). Consequently, producers have relied on the addition of antibiotics to 
diets to ameliorate the problems resulting from poor management and nutrition during this 
period. In the minds of many, growth promotion has become synonymous with the use of 
antimicrobial agents to improve the growth rate and feed conversion of pigs. 
Subtherapeutic levels of antibiotics are fed primarily to improve growth rate and feed 
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efficiency as well as to control infection (Visek 1978). The growth promoting effect of 
sub-therapeutic dietary levels of antibiotics was discovered accidentally in the late 1940's 
when a fermentation extract of Streptomyces aureofaciens was included in a poultry diet 
(cited in Spring 1999). The improved growth performance could not be explained by the 
nutritive value of the extract. Subsequent analysis of the extract revealed the presence of 
low levels of the antibiotic chlortetracycline. This antibiotic was further tested and shown 
to produce a growth promoting effect in poultry and other animal species. Since this time 
many other antimicrobials have been shown to demonstrate a beneficial effect on the 
growth rate, feed conversion ratio and disease levels in food production animals. 
In the United Kingdom (UK), there are two groups of medicinal feed additives that are 
used by the feed manufacturers. The first group is the Pharmaceutical Merchants List 
(PML) and includes medicinal additives licensed for feed inclusion without a veterinary 
direction. This group includes the growth promoting antibiotics and coccidiostats. The 
second group is the Prescription Only Medicines list (POM) which includes medicinal 
additives used under veterinary direction mainly for therapeutic purposes. In the UK, 
approximately one-third, or nearly 4 million tonnes per annum, of compounds I 
concentrates include medicinal additives from the PML and some 5% of feeds, or over half 
a million tonnes per annum, contain POM antibiotics (Pond and Maner 1984; Williams 
1996). 
Mode of action of antibiotic growth promoters 
The mode of action of the antibiotic growth promoters has been extensively reviewed 
(Visek 1978; Ewing and Cole 1994). A summary of their main findings follows. It has 
been suggested that antibiotic growth promoters (AGP) suppress some types of bacteria by 
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inhibition of their growth, modification of their carbohydrate and protein metabolism, 
damage to cell wall formation and disruption to their nucleic acid synthesis. Therefore, 
antibiotics may save energy by sparing carbohydrates from bacterial metabolism, reducing 
the production of volatile fatty acids, improving nitrogen availability by sparing essential 
amino acids and reducing the levels of toxic amines (Visek 1978). However, the mode of 
action of AGP's cannot be explained by their antimicrobial properties alone. 
The nutrient-sparing effect is one of the oldest explanations for the mode of action of 
antibiotics in promoting growth. '!:he theory is that antibiotics promote growth by sparing 
a nutrient that may be deficient or absent from a diet. The sparing of protein and amino 
acids has resulted in an increase in nitrogen retention in pigs (Ewing and Cole 1994). This 
sparing effect has resulted in a decreased passage of digesta and mucosal turnover, thereby 
improving nutrient availability and absorption. Hardy (1999) reviewed a number of trials 
and concluded that AGP's had a positive effect on the apparent energy, nitrogen and 
phosphorus digestibility of pigs (Table 1.4). 
Antibiotic growth promoters have been proven effective in improving pig performance and 
I or effective in control of specific and non-specific diseases. The extent of the response to 
antibiotics varies with the stage of life cycle or stage of production and environmental 
conditions to which the animals are exposed. The response is greater in young animals 
than in more mature animals, particularly at the critical stage following weaning. 
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Table 1.4 Pooled data demonstrating the impact of dietary antimicrobial agents on 
apparent energy, nitrogen and phosphorus digestibility in pigs (reviewed by 
Hardy 1999). 
Antimicrobial agent (ppm) * 
No. oftrials 0 11-50 Unit change 
Apparent digestibility, % 
Energy 4 79.1 84.2 + 5.1 
Nitrogen 7 81.6 83.4 + 1.8 
Phosphorus 2 56.6 60.0 +3.4 
*Antimicrobial agents include Avilamycin, 40 ppm; Avoparcin, 20 ppm; Carbadox, 20-55 
ppm; Tylosin, 40 ppm; Virginiamycin, 11-50 ppm. 
Environmental stresses such as inadequate nutrition, crowding, moving and mixing of 
animals, and poor sanitation also contribute to increased response to AGP's (Hays 1978). 
Although a nutrient-sparing effect, better absorption of nutrients and a physiological effect 
can be attributed to growth promoters, these effects are probably secondary in importance 
to the effect thatthe growth promoters have on the microflora of the gut. 
Benefits of antibiotic use in pig production 
A recent review of the-literature indicates that in 12,153 trials, the addition of antimicrobial 
growth promoters to animal diets increased production in 72% of the cases (Rosen, 1996, 
cited in Spring 1999). llhe benefit is usually to improve growth rate and feed conversion 
by about 5% in pigs growing from weaning to approximately 60kg. The response to 
antibiotics has been greater in herds that have problems than in those where the pigs are 
healthy, well looked after and a good diet provided. The use of AGP's has also been 
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demonstrated to reduce morbidity and mortality in the post-weaning period (Ewing and 
Cote 1994). 
Regulatory control of antibiotic growth promoters 
In the 1960's antibiotic resistant Salmonella typhimurium were isolated from several calf 
herds in England. The san1e resistant bacteria could also be isolated from humans in close 
contact with those animals. The British government set up a scientific committee led by 
Dr. M. M. Swann to investigate. The Swann Committee (Swann 1969) identified no hazard 
to humans or animals from the use of antibiotics in poultry or swine feed. However, it 
linked an outbreak of salmonellosis in humans, to the therapeutic use of antibiotics in sick 
calves. The committee made three important and sensible recommendations: 
I) Antibiotics used in animals should be divided into 'feed' or 'therapeutic' classes; 
2) The 'feed' antibiotic class should not include drugs used therapeutically in humans or 
animals; 
3) 'Therapeutic' antibiotics should be available only by prescription. 
As a result, in !971, the British government banned the use of the tetracycline's and other 
'therapeutic' antibiotics in feed as growth promoters. 
Discussion about the use of sub-therapeutic quantities of antimicrobials has continued in 
Europe ever since the Swann report (1969). In 1986 the Swedish parliament imposed a 
ban on the use of antimicrobial growth promoters in livestock production in response to 
consumer demand. Consumer fear and extended media coverage about multi-resistant 
strains of staphylococci infections in humans and the putative link with growth promoters 
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in the 1990's resulted in the European Union (EU) banning avoparcin (1997) and tylosin 
phosphate, zinc bacitracin, spiramycin and virginiamycin (1998). In addition, carbadox 
and olaquindox were banned (1999) due to a possible health hazard posed to mill 
operators. This leaves the four antimicrobial growth promoters, monensin, avilamycin, 
salinomycin and flavophospholipol (flavomycin) which remain permitted. With the 
exception of avilamycin, which is related to ziracin (Wegener, Aarestrup, Jensen, 
Hammerum and Bager 1998), these compounds are not related to therapeutic antibiotics in 
current use in human medicine and therefore no immediate risk has been associated with 
their use in animal feeds (Spring 1999). 
Several countries within the EU are adopting the 'precautionary principle' and are 
contemplating a comprehensive ban on antimicrobial growth promoters. Over and above 
the legislative framework, consumer concerns are resulting in changes in practice, For 
example, Denmark has voluntarily removed AGP's from diets for pigs over 30 kg. In the 
United Kingdom, food retailers continue to press for further limitations on the use of 
AGP's. At least one large broiler producer (Grampian) has removed all AGP's from its 
diets. Laudable as these moves may be, such unilateral action should be viewed as a 
marketing tool rather that a rational biological response. The continual widespread use of 
antibiotics elsewhere in the world will continue to 'select' antibiotic resistant bacteria. ·In 
this age of international travel it matters little where the resistant organism originates, it 
will quickly be distributed world-wide. 
The emergence of antimicrobial resistance as a serious problem in human medicine has led 
to increasing concerns about the use of antimicrobial products in medicine, veterinary 
medicine, animal production, agriculture and horticulture. There is a general agreement 
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that the use of antibiotics in agriculture leads to increases in the incidence of resistant 
bacteria in the intestines of animals exposed to antibiotics (WHO 1997; Witte 1998). The 
use of noursethricin, an aminoglycoside, in East Germany gives the strongest evidence for 
a 'cause and effect' relationship between antibiotic use in agriculture and increasing 
resistance in the commensal microflora of farm animals (Witte 1998). Within two years of 
the introduction of this antimicrobial, resistance to noursethricin was discovered and the 
incidence of resistance increased until its use was discontinued. Noursethricin had not 
been used in human medicine and resistance appears to be firmly related to its use in 
agriculture. Furthem10re, recent studies in Europe have demonstrated a strong association 
between the use of avoparcin as a growth promoter for animals and the occurrence of 
vancomycin-resistant enterococci in animals and food (Bates, Zoe Jordens and Griffiths 
1994; Klare, Heier, Claus, Reissbrodt and Witte 1995; Bager, Madsen, Christensen and 
Aarestrup 1997; Wegener et al. 1998). Vancomycin was considered to be a last resort 
antibiotic for cases of multiple resistant strains of Enterococcus faecal is, a major cause of 
hospital-acquired infections ('Levy 1998). 
There is increasing evidence that bacteria can develop resistance to antibiotics related in 
chemical structure to those to which they have been exposed. Cross-resistance to 
therapeutic drugs exists in most cases where the growth promoter belongs to the same class 
of antibiotics as the therapeutic drug (Wegener et al. 1998) (Table 1.5). 
Table 1.5 Associated growth promoters and human medicines (Wegener et al. 1998). 
Antibiotic growth promoter 
Avilamycin 
Avoparcin 
Tylosin phosphate 
Virginiamycin 
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Human medicine 
Ziracin 
Vancomycin 
Erythromycin 
Synercid 
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The development ofantibiotic resistant strains appears to be a result of the continuous use 
of sub-therapeutic quantities of antibiotics.(Salyers 1999). When antibiotic use is transient, 
bacteria resistant to the bacteria are selected initially, but may then be unable to compete 
with susceptible bacteria when the antibiotic selective pressure is removed. However, if 
antibiotic selection is continuous over long periods of time bacteria have the chance to 
accumulate compensatory mutations that allow them to retain their resistance phenotype 
without losing fitness in the absence of selection (Morrell 1997; Salyers 1999). Resistance 
to an antibiotic may improve a bacterium's competitiveness in the gut and therefore permit 
it to dominate a foreign ecosystem (Salyers 1999). Once a drug-resistant mutant has 
emerged in a bacterial population, the resistance can be transferred to other bacteria by the 
mechanisms of transformation, transduction, or conjugation (Salyers 1999). Thus, the 
indiscriminate use of antibiotics in animal production appears to have exacerbated some of 
the conditions that their development was intended to prevent. 
1.2.4 Alternatives to prophylactic antibiotics 
A number of strategies are available for increasing the perforn1ance of pigs in the absence 
of antibiotic growth promoters. Some of these alternatives are based on the antimicrobial 
properties of the feed additives (copper sulphate I zinc oxide, organic acids and herbal 
extracts) and hence, inhibition of a broad range of the gastrointestinal microflora. Other 
alternatives are based on the direct promotion of a beneficial microflora using prebiotics 
and probiotics. 
Copper sulphate I zinc oxide 
Copper is required for cellular respiration, cardiac function, bone formation, connective 
tissue development, keratinisation and pigmentation of tissue, as well as myelination of the 
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spinal cord (McDowell 1992). The role of copper sulphate as a growth-enhancing agent is 
well established and it is customary to include 175 ppm copper (Cu) in the diets of pigs up 
to I 2 weeks of age and I 00 ppm thereafter (Close 1999). These inclusion levels far 
exceed dietary Cu requirements (McDowell 1992). Whilst the mode of action for growth 
promotion is unknown, it has been hypothesised to be due to the antibacterial and 
antimycotic activity of Cu (Agpar, Komegay, Lindemann and Notter 1995; Cromwell, 
Lindemann, Monegue, Hall and Orr Jr. 1998). 
Zinc (Zn) is required for several enzyme systems, hormone secretion, the immune system, 
cation-anion exchange, generation of keratin and in skin nucleic acid and collagen 
synthesis (Close 1999). The inclusion of zinc at pharmacological levels in piglet diets is 
purported to have therapeutic effects that improve performance and considerably reduce 
the incidence and intensity of diarrhoea I colitis in the post-weaned piglet (Carlson, Hill 
and Link I 999). Therefore, zinc oxide is usually added at high inclusion levels, 3 kg I 
tonne feed (Close 1999). Currently, there is no definitive explanation for the mode of 
action of ZnO above dietary Zn requirements in pigs. It has been postulated that 
supplementation of high levels of zinc oxide in the post-weaning diet helps to maintain a 
high diversity within the intestinal microllora of weaned piglets and thus, preserves the 
protective ability of the micro flora which would otherwise be lost due to weaning (Katouli, 
Melin, Jensen- Waem, Wallgren and Mollby I 999). 
Presently, serious questions have been raised concerning the effect copper and zinc have 
on the environment as large quantities are excreted from the pig and accumulate in the soil 
(Poulsen I 998). There is growing interest in the potential role of organic minerals that are 
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both more biologically active and bio-available. The role and use of organic trace mineral 
supplementation has been extensivelyreviewed by Close (1999). 
Diet acidification 
The post-weaning growth Jag may, in part, be related to the inability of the young pig (3-5 
weeks old) to secrete sufficient quantities of hydrochloric acid within the stomach to allow 
for optimum enzyme activation and efficient digestion of diets based on plant protein 
(Kidder and Manners 1978; Ravindran and Komegay 1993). The undigested protein, 
together with the stress of weaning, may also disturb the intestinal flora and allow for the 
proli~eration of coli forms resulting in diarrhoea (Ravindran and Komegay 1993). 
The inclusion of organic acids in pig diets has been the subject of several extensive 
reviews in recent years (Ravindran and Komegay 1993; Gabert and Sauer 1994; Roth and 
Kirchgessner 1998; Partanen and Mroz 1999). Organic acid supplementation of diets for 
weaning pigs has been shown, in many cases, to increase average daily weight gain (range 
4 to 27%), gain to feed ratio (range 3 to 15%) and reduce the incidence of diarrhoea 
(Gabert and Sauer 1994). According to Gabert and Sauer (1994) and Partanen and Mroz 
( 1999) the growth promoting effects of organic acids may be attributed to: 
• the increased nutrient, mineral and energy retention and digestibility (up to 4%), 
• the alteration of the microbial populations and metabolites in the gastrointestinal tract, 
the stimulation of both the endocrine and exocrine secretions in pigs, 
the influence on the gut morphology and 
the effects on intermediate metabolism of the pig 
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The use of lactic acid as an acidifier has proven to be effective in improving the growth 
performance of pigs in the post-weaning period (Table 1.6). Members of the lactic acid 
bacteria produce lactic acid in the stomach and small intestine of the pig as an end- . 
metabolite of the fermentation of sugars (Partanen and Mroz 1999). The antimicrobial 
effect of lactic acid is directed primarily at Gram-negative bacteria (Shelef 1994). 
Furthermore, lactic acid is efficiently metabolised by the pig and can be used as an energy 
source replacing carbohydrates (Everts, Salden, Lemmens, Wijers and Beynen 1999). 
Table 1.6 Effect of lactic acid percentage in diets on the pe~formance ofpigs (% 
increase over negative control) (Roth, Kirchgessner and Eidelsburger 1993). 
Lactic acid % 
0.8 
1.6 
2.4 
Daily gain 
+4.7 
+8.1 
+7.3 
Feed Intake 
+6.1 
+6.1 
+5.4 
FCR 
+1.2 
-1.8 
-1.8 
The antimicrobial effect of organic acids cannot be attributed to acidification alone, but 
maybe linked to the degree of dissociation of the acid, the inherent toxic effect of the acid 
molecule itself and other mechanisms of action that have not yet been completely 
elucidated (Russell 1992; Adams and Nicolaides 1997). However, several studies have 
shown that acidification has no effect on gastric pH, growth performance or post-weaning 
diarrhoea (Risley, Komegay, Lindemann, Wood and Eigel 1993; Partanen and Mroz 
1999). Risley et al. ( 1993) supplemented the diets of wean er pigs with either fumaric or 
citric acid, half of which were challenged with E. coli (0 157:K88+). The addition of 
organic acids had no effect on the growth rate or FCR of the unchallenged pigs, while it 
failed to control scouring in the challenged pigs. 
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Partanan and Mroz (1999) concluded that in some ways orgamc acids could replace 
growth-promoting antibiotics. However, there has been considerable variation between the 
results of various experiments and there is a need for further research to clarify the 
optimum type and concentration of acid(s) to be used to restrict microbial growth and 
enhance the efficiency of animal production. 
Herbal additives 
Recently, there has been considerable interest m the use of herbs. to improve animal 
perfonnance (Newman 1997; Wang, Li and Boume 1998; Wenk 2000). Herbs and 
botanicals have the potential to enhance farm animal performance by increasing feed 
intake, improving Immune response and by their antibacterial, coccidiostatic, 
anti helminthic, anti-viral, anti-inflammatory and antioxidant properties (Wang et al. 1998). 
It has been hypothesised that herbs may selectively influence the intestinal microflora by 
either antimicrobial activity or by favourably promoting eubiosis of the microflora 
resulting in better nutrient utilisation and absorption, or by stimulation of the immune 
system (Wenk 2000). 
Studies on essential oils derived from the plant Oreganum have demonstrated in-vitro 
antimicrobial action against various bacteria, including E. coli (Sivropoulou, Papanikolaou, 
Nikolaou, Kokkini, Lanaras and Arsenakis 1996). The application of essential oils of 
Oreganum for the control of post-weaning colibacillosis has been investigated (Kyriakis, 
Sariss, Lekkas, Tsinas, Giannakopolous, Alexopolous and Saoulidis 1998). Kyriakis et al. 
(1998) found that addition of the oreganum essential oil appeared to be effective in 
controlling post-weaning diarrhoea resulting in an atypical illness in the piglets combined 
with very good growth performance. 
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The most successful uses of herbal products in animal husbandry have been complex 
combinations or mixtures of specific herbs (Dawson 2000). Studies have indicated that a 
significant improvement in daily gain of 9.8 % (range of response, 7.4 to 12.3 %) in 
growing pigs can be achieved using a complex herbal feed additive (Newman, 1997; cited 
in Dawson 2000). Caution must be exercised when undertaking trials with herbal extracts. 
Often the desired activity of the herbs is not constant and conflicting results may derive 
from the natural variability in composition of plant secondary metabolites (Adams 1999; 
Dawson 2000). Variety, many soil and climatic factors and stage of maturity at harvest 
affect plant composition. 
Prebiotics 
Prebiotics are defined as 'non-digestible food ingredients that beneficially affect the host by 
selective(v the growth and I or activity of one or a limited number of bacteria in the colon, 
and thus improve host health' (Gibson and Roberfroid 1995). This definition does not 
emphasise a specific bacterial group. However, it is assumed that a prebiotic should 
increase the number and I or activity of bifidobacteria and lactic acid bacteria, as these 
groups are claimed to have several beneficial effects on the host. 
To date there have been mixed results from the inclusion of prebiotics in p1g feed 
(Famworth, Modler, Jones, Cave, Yamazaki and Rao 1992; Mul and Perry 1994; Gabert, 
Sauer, Mosenthin, Schmitz and Ahrens 1995; Mathew, Robbins, Chattin and Quigley In 
1997; Bolduan 1999; Miller and Toplis 2000). The inclusion of non-digestible 
oligosaccharides did not affect various chemical and microbial digesta characteristics of 
young pigs (Famworth et al. 1992; Gabert et al. 1995; Mathew et al. 1997; Houdijk, 
Bosch, Verstegen and Berenpas 1998). However, Mul and Perry (1994) reported that the 
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inclusion of fructooligosaccharides improved the growth rate of weaned piglets (7-18 kg 
body weight) by 5.1% and reduced FCR value by 2%, In a three week study by Miller and 
Toplis (2000) post-weaned piglets were allocated to three treatments, control - no growth 
promoter, avilamycin at 40 mg!kg or fructo-oligosaccharides (FOS) at 333 mg!kg. The 
authors reported a significant increase in average daily gain (ADG) at weeks 2 and 3 post-
weaning for pigs given avilamycin (40mg I kg) and FOS (333 mg I kg) over the control. 
FOS produced similar levels of perfom1ance to avilamycin. This illustrates the potential 
for the inclusion ofFOS in diets as a replacement for antibiotic growth promoters. 
The prebiotic concept has been extrapolated further to include the mannan-
oligosaccharides, which have been suggested to exert their effect through pathogen 
adsorption and immunomodulation (Bolduan 1999). The binding of pathogenic bacteria to 
the intestinal mucosa is an essential step in the development of infection and the onset of 
pathological conditions (Sharon and Lis 1993). In this respect, cell recognition is 
important and specific carbohydrates and sugars are fundamental to this process. For 
example, bacteria have glycoproteins (lectin I fimbrae) on the surface of cells, which can 
recognise and combine rapidly and selectively with the sugars on the surface of the gut 
wall (Sharon and Lis 1993). However, if they attach to a sugar or oligosaccharide, which 
is not part of the gut wall, but to an indigestible component of the feed, then they pass out 
with the digesta without causing the animal any digestive problems (Spring and Privulescu 
1998). This competitive exclusion principle is now being applied in pig nutrition and 
mannan-oligosaccharides have been used with success (Bolduan 1999). It has been 
suggested that such products may increase the release of cytokines that play an important 
role in the immune response by co-ordinating the actions of the immune system and by 
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enhancing immuno-stimulating activity (Spring and Privulescu 1998). Thus, both piglet 
health and performance are improved. 
Probiotics 
Probiotics have been widely promoted as alternatives to the use of antibiotics in pig diets 
(Sissons 1989; Stewart, Hillman, Maxwell, Kelly and King 1993; Chesson 1994; Maxwell 
and Stewart 1995; Nousiainen and Setiilii 1998; Fuller 1999). A probiotic has been defined 
as 'a live microbial feed supplement that beneficially affects the host animal by improving 
its intestinal balance' (Fuller 1992). The traditional uses of probiotics during the post-
weaning period are as prophylactics for the prevention of intestinal disease (by competitive 
exclusion and immune stimulation) or to accelerate re-stabilisation of the gut micro-tlora 
(Figure 1.1) (Fuller 1992; Fuller 1999). 
Figure 1.1 Role of probiotics in restoring the protective effect of the gut microtlora 
(adapted from Fuller ( 1989). 
New-born piglet 
/ 
Restricted access to dam (sow) Free access to dam (sow) 
No protection +--deficient microtlora Complete tlora 
+ probiotic ~ 
Protection 
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Table 1.7 Microorganisms approved as probiotics in the EU (Regulation No. 
2437/2000/EC) for piglets (Dr. Gerald Bertin, Alltech France pers. comms). 
EEC no. Additive Culture collection number Tradename Producer 
4 Bacillus cercus ATCC 14893 I Paciflor ® C I 0 Hoechst, 
Germany 
CIP 5832 
EI700 Bacillus licheniformis DSM 5749 Bioplus ® 2B Chr. Hansen, 
Denmark 
Bacillus subtilis DSM 5750 
10 Enterococcus faecium NCIMB 10415 Cylactin ® Cerbios Pharma, 
Switzerland 
11 Enterococcus faeci um DSM 5464 Microferm ® Medipharml 
Ceva Sweden 
13 Enterococcus faecium DSM 10663 I Oral in® Chevita GmbH, 
Germany 
NCIMB 10415 
15 Enterococcus faecirmr NCIMB 11181 Lactiferm.® Medipharm AB 
Sweden 
16 Enterococcus faeci wn DSM 7134 Bonvital ® Schaumann, 
Austria 
Lactobacillus rhamnosus DSM 7133 
18 Enterococcus faec ium CECT 4515 Fecinor ® Plus Norel SA, Spain 
12 Lactobacillus farciminis CNCM MA 6714R Biacton ® B ioarmor, France 
9 Pediococcus acidi/actici CNCM MA 1815M Bactocell ® I Lallemand, 
France 
Ferrnaid ® 
3 Saccharomyces cerevisiae NCYCSc47 Biosaf® Lesaffre, France 
6 Saccharomyces cerevisiae CNCM 1-1079 Levucell ® Lallemand, 
SB20 France 
14 Saccharomyces cerevisiae MUCL 39885 Biosprint ® I Prosol SpA, Italy 
Prosol ® 
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Interest in the use of live cultures stems from the work of Metchnikoff ( 1907) in the early 
years of this century. Although, a major breakthrough in the development of the probiotic 
concept to animal health was the finding that the newly hatched chicken could be protected 
against Salmonella colonisation of the gut by dosing it with a suspension of gut contents 
prepared from healthy adult chickens (Nurmi and Rantala 1973). 
Many strains of bacteria have been used commercially to produce direct-fed microbials, 
but the most common are members of the lactic acid bacteria group (Lactobacillus, 
Bifidobacteriwn, Pediococcus, Enterococcus spp.) and Bacillus spp. (Fuller 1999). 
Saccharomyces cerevisiae and Saccharomyces boulardii have been the most commonly 
included yeasts in the diet of monogastric animals (Fuller 1999). Currently, only 13 
probiotic additives are permitted for use in piglet diets within the European Union (Table 
1.7). Of these products only one, Bioplus ® 2B (Chr. Hansen, Denmark; EEC no. El700), 
has received indefinite approval whilst the other 12 products received a four year 
provisional approval due to be reviewed on 301h September 2001. For the full European 
list of authorised microorganisms see Appendix I. 
Nousiainen and Setiilii (1998) have reviewed the results of a number of trials usmg 
probiotics in diets for young piglets. These authors conclude that there was an overall 
improvement in daily gain (increase of 5.5%) and a slight decrease in mortality (7. 7 and 
9.9 % for the probiotic and control groups) when probiotics were included in pig diets. 
Furthermore, the authors concluded that there was a greater response when mixed 
probiotics were used compared with simple ones. The variability of the results may be 
associated with strain differences, dose level, storage conditions, diet composition, feeding 
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strategy and interactions with drugs (Chesson 1994). The effects of the probiotics appear 
to be more consistent and positive in the post-weaned piglet than in grower I finisher pigs. 
Overall discussion 
From the literature, it can be established that there are many alternative strategies, which 
can be used effectively to replace antibiotics in pig diets without loss of performance. The 
efficacy ofthese additives varies substantially under practical conditions, as was the case 
for the antibiotic growth promoters (Spring 1999), At high levels of basic growth 
performance little or no response to these additives can be expected. However, when basic 
growth performance is reduced due to post-weaning stress and I or gastrointestinal disease 
the response to these additives may increase (Ravindran and Kornegay 1993; Chesson 
1994; Nousiainen and Setala 1998; Partanen and Mroz 1999). It is likely that a 
combination of the alternatives discussed as well as changes in pig husbandry and 
management will need to be adopted to efficiently replace antibiotic growth promoters. 
Further work is needed to understand the modes of action of the aforementioned alternative 
treatments and their interaction with the gastrointestinal micro flora ofthe pig. 
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1.3 Liquid feeding 
There have been a number of excellent reviews of liquid feeding of pigs in recent years 
(Jensen and Mikkelsen 1998; Brooks 1999; Scholten, van der Peet-Schwering, Verstegen, 
den Hartog, Schrama and Vesseur 1999; Chae 2000; Brooks et al. 2001) and therefore only 
the main points and recent information will be summarised iri this review. 
Definitions 
First of all, it is important to define some terms. Wet feeding can be divided into three 
categories: wet I dry feeding, paste feeding and liquid feeding. 
Wet I dry feeding uses a feeder called a single space wet/ dry feeder (SSWD), where feed 
and water are available in the same feeder. A nose-operated valve is placed in the trough 
and the pig adjusts the amount of water mixed with the feed. 
Paste feed is the preparation of the diet in a water to feed ratio of 1:1 to 1.5:1 forming a 
paste material (Liptrap and Hogberg 1992). 
Liquid feed has been defined as 'a diet prepared either from a mixture of liquid feed 
industry residues (eo-products) and conventional dry' raw materials, or from d1y 
componellts mixed with water. Generally, the mixing will be undertaken at a central point 
and the liquid diet will be transferred to the pig by a pipeline deliveiJ' system. A liquid diet 
will typically contain 200-JOOg d1y matter per kg' (Geary 1997). 
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Liquid eo-products are defined as 'organic eo-products originating from the food industries 
with a moisture content of at least 600 g per kg. They can be divided into carbohydrate 
rich, protein rich and fat rich eo-products' (Scholten et al. I 999). 
For the purposes of this thesis the author will only be referring to liquid feeding and liquid 
eo-products. 
1.3.1 Utilisation of liquid feed 
Liquid feeding of pigs is not new but is currently receiving renewed interest (Brooks, 
Geary, M organ and Campbell 1996). The practice of liquid feeding weaner pigs has been 
recommended from at least the early 191h century (Henderson 1814; Youatt 1847; Harris 
1883). These authors recommended that newly weaned pigs required frequent small meals 
mixed with water and fed as wam1 as sow's milk. 
The major problem with feeding a liquid diet has been to devise suitable equipment for 
modem units and maintain the feed in a hygienic and palatable state (English et al. I 986). 
Recently, new systems that are computer controlled have been developed which allow 
greater flexibility in raw material use, allow for phase feeding and are less labour intensive. 
The extent of liquid feeding in Europe. 
Currently, there are no precise figures for the numbers of pigs fed liquid feed in Europe. 
However, estimates of the proportion of sows and growing pigs fed liquid diets in different 
European countries have been recently published (Anon I 999; Best 1999). From these 
data, Brooks (2000, pers comms.) at the University of Plymouth has attempted to 
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Table 1.8 Estimate of numbers of sows fed liquid feed and size of market in Europe (Peter Brooks, 2000,pers comms.) 
Sows minimum demand t 
%fed Liquid SOWS 1 . 1 tonne per Liquid feed %fed Liquid 
feed: SOW (tonne) feed 1 
Austria 5 387000 425700 21285 10 
Belgium 2 770000 847000 16940 2 
Denmark 30 1234000 1357400 407220 30 
Finland 20 192000 211200 42240 20 
France 5 1555 1711 86 10 
Germany 3 2652000 2917200 87516 3 
Greece 2 155000 170500 3410 2 
Ireland 20 195000 214500 42900 20 
Italy 5 691000 760100 38005 10 
Nether! and 15 1565000 1721500 258225 15 
Portugal 0 325000 357500 0 0 
Spain 0 2249000 2473900 0 0 
Sweden 10 238000 261800 26180 10 
UK 10 896000 985600 98560 10 
Total 1,042,567 
t Sow numbers for 1998 from SOEC and MLC (FAO statistical database, 1999). 
: Estimates of percentage liquid feed fed derived from Pig International ( 1999), Vol. 29 (9). 59 and Vol. 29 (I 0), 4. 
' 1.1 tonne per sow is the minimum likely annual feed allowance per sow 
b 1.3 tonne per sow is the current average recorded in the UK by the Meat and Livestock Commission 
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Sows maximum demand t 
SOWS 1.3 tonne per 
SOW 
387000 503100 
770000 1001000 
1234000 1604200 
192000 249600 
1555 2022 
2652000 3447600 
155000 201500 
195000 253500 
691000 898300 
1565000 2034500 
325000 422500 
2249000 2923700 
238000 309400 
896000 1164800 
Liquid feed 
(tonne) 
50310 
20020 
481260 
49920 
202 
103428 
4030 
50700 
89830 
305175 
0 
0 
30940 
116480 
1,302,295 
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Table 1.9 Approximation of the numbers of liguid fed grower Eigs and size of market in EuroEe (Peter Brooks, 2000, e.ers comms. ~ 
Slaughtered Carcass Production live 25 kg to FCR Feed 25 kg to fCR Feed 25 kg to %liquid Feed fed as %liquid Feed fed as 
(mill.ion head) weight (kg) (MT) Weight" slaughter" 2.38 slaughter (MT) 2.6 slaughter (MT) fed (min) liquid (MT) fed liquid (MT) 
European Union (15) 207.94 84.40 17.50 116.00 91.00 216.00 44.84 236.00 48.99 
Austria 5.36 93.10 0.50 128.00 103.00 244.00 1.31 267.00 1.43 30.00 0.39 30.00 0.43 
Begium-Luxembourg 10.50 91.40 0.96 125.00 100.00 238.00 2.50 261.00 2.74 10.00 0.25 10.00 0.27 
Denmark 21.98 78.50 1.73 108.00 83.00 196.00 4.32 215.00 4.72 40.00 1.73 60.00 2.83 
Finland 2.21 84.00 0.19 115.00 90.00 214.00 0.47 234.00 0.52 60.00 0.28 90.00 0.47 
France 27.20 86.40 2.35 118.00 93.00 222.00 6.04 243.00 6.60 30.00 1.81 30.00 1.98 
Germany 41.95 88.20 3.70 121.00 96.00 228.00 9.57 249.00 10.45 30.00 2.87 30.00 3.14 
Greece 2.19 62.80 0.14 86.00 61.00 145.00 0.32 159.00 0.35 10.00 0.03 10.00 0.04 
Iceland 0.59 67.00 0.00 92.00 67.00 159.00 0.01 174.00 0.01 70.00 0.01 70.00 0.01 
Ireland 3.34 71.60 0.24 98.00 73.00 174.00 0.58 190.00 0.63 40.00 0.23 50.00 0.32 
Italy 12.57 112.30 1.41 154.00 129.00 307.00 3.85 335.00. 4.20 40.00 1.54 40.00 1.68 
Netherlands 19.20 88.50 1.70 121.00 96.00 229.00 4.40 250.00 4.80 50.00 2.20 50.00 2.40 
Norway 1.38 78.40 0.11 107.00 82.00 196.00 0.27 214.00 0.30 25.00 0.07 27.00 0.08 
Portugal 5.00 72.00 0.36 99.00 74.00 175.00 0.88 191.00 0.96 0.00 0.00 0.00 0.00 
Spain 38.15 76.70 2.93 105.00 80.00 191.00 7.27 208.00 7.94 1.00 0.07. 1.00 0.08 
Sweden 3.94 83.70 0.33 115.00 90.00 213.00 0.84 233.00 0.92 30.00 0.25 30.00 0.28 
Switzerland 2.66 88.30 0.24 121.00 96.00 228.00 0.61 249.00 0.66 50.00 0.31 55.00 0.36 
United Kingdom 14.35 71.00 1.02 97.00 72.00 172.00 2.47 188.00 2.70 20.00 0.49 25.00 0.68 
Total 212.03 17.91 45.71 49.93 12.54 15.03 
' calculated from carcass weight assuming dressing % of 73 
b pigs assumed to begin liquid feeding at approximately 25 kg 
' average FCR for UK slaughter pigs 
d higher FCR to account for higher slaughter weights and use of castrates in other EU countries 
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calculate the 'compound feed equivalent' size of the market for liquid feeding (Tables 1.8 
and 1.9). A minimum and maximum value is included to allow for differences between 
producers and production practices. There are no estimates for numbers ofweaner pigs fed 
a liquid diet in Europe but it is likely to be significantly smaller than for sows or grower I 
finishers. Furthermore, it has not been possible to estimate the percentage of pigs fed 
liquid diets in Eastern Europe, although it is believed to be a large number (Leventi Gati 
(Hungary) and Vladimer Siske (Czech Republic), Alltech Inc. 1998, pers comms. ). 
Outside Europe, liquid feeding is increasing in popularity in countries such as Canada (Jim 
Bannerman, Alltech Canada, 2000, pers comms.) and Australia (David Henman, Bunge 
Inc. 2000, pers comms. ). 
In general, farms using liquid feeding systems have been centred in areas where liquid eo-
products from the human food industry are readily available. Although, those not using 
liquid eo-products are accepting the technology because of the ease of materials handling, 
feed.control and perfonnance benefits (Brooks 1999). 
1.3.2 Modern liquid feeding systems 
Modem liquid feeding systems (Brooks 1999) 
• are computer controlled 
• have the capability to prepare diets from any combination of dry and liquid 
co1nponents 
• can prepare any number of different diets per day (limited only by the mmunum 
possible mix size and the mix preparation interval) 
can change any or all the parameters from one mix to the next 
can be configured either to ration feed pigs (with a variable number of meals per day) 
or to feed pigs ad libitum (using sensor feeding). 
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Modem liquid feeding systems reqmre a high initial capital expenditure although, the 
economies of scale work in favour of the larger unit (Table 1.1 0). 
Table 1.10 Typical capital costs (£ per pig) of a liquid feeding system by unit size and pen 
capacity (Brooks 1·999). 
Pigs per pen 
25 
50 
feed in~ system 1 
trough 
Total3 
feeding system 
trough 
Total 
Number of pig places in the house 
1000 2000 5000 
9.38 
3.20 
12.58 
7.91 
2.06 
9.97 
6.56 
3.20 
9.76 
5.08 
2.06 
7.14 
4.38 
3.20 
7.58 
2.91 
2.06 
4.97 
1 
'Front end' (kitchen)- feed tank, SS feed/agitator pump, controller, flow mixer, control calves but 
excluding meal /liquid inputs and air compressor. 
In piggery equipment (feeding two pens from a double sided trough)- feed valves, main pipeline, control 
cabling and airline. 
1 short troughs for ad lib. sensor feeding 
3 assumes an 'all in all out' system so no requirement for a dual,pipeline phase feeding system. 
1.3.3 Advantages of liquid feeding 
There are a number of perceived advantages of using liquid feeding systems (Brooks, 
Moran and 8eal 1999). These include: 
" reduction of food loss, as dust, during handling and feeding 
" improvement in the pigs environment and reduction of respiratory disease due to the 
reduction of dust in the atmosphere 
" improved pig performance and FCR 
" flexibility in raw material use (opportunity to utilise more economic food sources and 
reduce cost per kg gain) 
" improved materials handling (system can act as both a feed mixing and distribution 
system) 
o increased accuracy of rationing (computer control brings a degree of accuracy to the 
system that it is difficult to emulate with dry feeding systems) 
o improved dry matter intake in problem groups (e.g. weaner pigs and lactating sows) 
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The benefits of feeding a liquid diet from a dry diet have long been established. Braude 
(1972) reviewed 61 studies (published between 1956 and 1972) comparing pigs fed on 
liquid or dry diets. He concluded that 'the majority of reports favour wet feeding; a 
considerable number of reports found no difference between wet and dry feeding and none 
points to the superiority of dry feeding'. Geary ( 1997) reviewed 10 studies (published 
1971 to 1996) published post-Braude's review (Table 1.11 ). She found thatthe majority of 
reports favoured liquid feed to dry feed. 
Table 1.11 Review of papers published comparing the effects of liquid versus dry 
feeding for pigs (Geary 1997). 
Growth rate Feed-gain Carcass No. of References 
ratio quality reports 
+ + 0 (Kneale 1971) 
+ + 0 (Smith 1976) 
+ + N (Partridge, Fisher, Grcgory and Prior 1992) 
+ + N (Upton 1993) 
+ + N 2 (Pluske el al. 1996a) 
(Pluske e/ al. 1996b) 
+ + (Patterson 1989) 
+ 0 N (Braude and Newport 1977) 
+ N N (Lecce, Armstrong, Crawford and Ducham1e 
1979) 
0 N (Komegay, Thomas, Handlin, Noland and 
Burbank 1981) 
+ liquid better; - dry better; 0 no difference; N no infomll!tion. 
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The benefits on growth rate and feed conversion ratio from feeding a liquid diet rather than 
a dry diet to weaner and slaughter pigs was clearly demonstrated by Jensen and Mikkelsen 
(1998) when they reviewed nine experiments (Table 1.12). 
Table 1.12 Improvement (%) in growth rate and feed conversion ratio m experiments 
conducted to compare liquid and dry feeding for piglets (n = I 0) and slaughter 
pigs (n = 9) (Jensen and Mikkelsen 1998). 
Improved daily weight gain Improved feed·conversion ratio 
Mean ± SD Range Mean ± SD Range 
Piglets 
12.3 ± 9.4 (-7.5- 34.2) -4.1 ± 11.8 (-32.6-10.1) 
Slaughter pigs 
4.4 ± 5.4 -2.6- 15.0 6.9 ± 3.5 1.9- 12.7 
One possible advantage of liquid feeding during the post-weaning period is that the piglet 
only needs to obtain its food and water requirements from a single source rather than learn 
to satisfy their drives for hunger and thirst separately (Brooks et al. 200 I). It has been 
hypothesised that liquid feed encourages feed intake and reduces post-weaning stress 
because it has a dry matter concentration more like that of sow's milk (Partridge and Gill 
1993). 
Providing the diet in a liquid form appears to improve its digestibility. A number of 
studies have demonstrated the importance of the water to feed ratio (Gill, Brooks and 
Carpenter 1987; Barber, Brooks and Carpenter 1991a; Geary, Brooks, Morgan, Campbell 
and Russell 1996). Increasing the water to feed ratio had a benelicial effect on both 
growth rate and feed conversion ratio (Table I .13) (Gi 11 et al. 1987). 
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Table 1.13 Perfonnance and water use of grow-finish pigs fed liquid diets at different 
water to meal ratios (Gill et al. 1987). 
Water to meal ratio 
2: I 2.5: I 3: I 3.5: I 
Meal intake (kg/d) 1.48 1.49 1.46 1.47 
Voluntary water use (kg/d)2 1.26" 0.78b 0.44c 0.24d 
Total water use (kg/d)3 4.23" 4.51 b 4.86c 5.40d 
Daily gain (kg/d) 0.73" 0,74" 0.75"b 0.77b 
FCR (kg meal per kg gain) 2.10 2.00 1.95 1.90 
Water to feed ration 2.97 3.12 3.36 3.68 
1 pigs were fed to scale 
1 
water taken from nipple drinkers 
3 
water taken from nipple drinkers and provided with the feed 
a,b.c means with the same superscript do not differ significantly at P<0.05. 
In a further study by Barber et al. (1991b), an increase in the water to feed ratio improved 
the digestibility of both the dry matter and digestible energy Table 1.14. It has been 
postulated that the change in water to feed ratio results in a reduction in the viscosity of the 
digesta and hence, allows for greater penneation of the digesta by the pigs' digestive 
enzymes (Brooks 1999). 
Table 1.14 Effect of water to feed ratio on diet digestibility (Barber et al. 1991 a) 
Dry matter digestibility(%) 
Estimated DE (MJ/kg DM) 
Nitrogen retention (g/kgW0·75/day) 
pigs were fed to scale; DE -digestible energy 
2:1 
79.12" 
15.16 
1.49 
Water to meal ratio 1 
2.67:1 
77.78" 
14.96 
1.40 
3.33: I 
15.41 
1.63 
a.b means with the same superscript do not differ significantly at P<0.05. 
4: I 
82.93b 
15.80 
1.74 
Geary et al. ( 1996) studied the perfom1ance of wean er pig's fed ad libitum, a diet mixed 
with water to provide four different dry matter concentrations of 149, 179, 224 and 255 g 
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kg- 1, over a four week period post-weaning. They concluded that weaner pigs would 
readily accept liquid feed with dry matter content in the range 255 to 149 g kg- 1, and that 
dry matter content in this range had little effect on post-weaning performance. Piglets on 
liquid diets appear to be able to control dry matter intake through increasing total 
volumetric intake and regulation of their voluntary water intake from nipple drinkers 
(Geary et al. 1996). However, the authors recommended that in order to maintain dry 
matter intake without increasing effluent output that the dry matter content of liquid diets 
should not be reduced below 200 g kg- 1 (equivalent to a 3.5: I water to feed ratio). 
The greatest disadvantage to liquid feeding, particularly ad libitum feeding, has been 
maintaining feed palatability, which has been related to microbial spoilage in the feed 
(Brooks et al. 200 I). The cleaning of spoiled feed from troughs can cause an unacceptable 
increase in labour (Brooks et al. 200 I). 
1.3.4 Utilisation of eo-products 
A major advantage of liquid feeding is the ability to recycle a wide range of human food 
industry residues (eo-products). The recycling of liquid eo-products reduces 
environmental damage caused by alternative methods of disposal such as drying, dumping 
or burning (Scholten, van der Peet-Schwering, den Hartog, Vesseur and Verstegen 1998). 
The use of liquid eo-products in pig diets is well established in The Netherlands with 
approximately 2.3 million tonnes used directly on farm, with the majority (70%) being 
carbohydrate rich (de Haas 1998; Scholten et al. 1998). The type of eo-products that may 
be utilised in pig feeding is dependent on a range of factors (Table 1.15). The dry matter 
content and the chemical content of the dry matter of most liquid eo-products can vary 
considerably (Smits 2001 ). A certain expertise is needed when formulating diets that 
incorporate eo-products materials due to the variation in dry matter and nutrient content 
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both between and within product. The dry matter content and typical inclusion rates of coc 
products used in pig feeds are given in Table 1.16. From an economic perspective, 
inclusion of liquid eo-products in pig diets can reduce costs by I 0 to 17 % compared to dry 
diets (Scholten et al. 1999). 
Table 1.15 Factors influencing the usefulness ofliquid eo-products (Smits 200 I). 
Origin Plant or animal; part; process imposed 
Form DM-content; handling; consistency----) transport 
Supply Continuity; preservation ~ animal category 
Storage Preservation; ensiling I acidification ----) impact 
Environment Balance of feeding or disposal 
Composition Proximate values; variability 
Nutrients Animal category----) digestion; utilisation 
Antinutritional factors 
Intake 
Animal aspects 
Toxins I harmful substances; harmful bugs 
Inclusion level; DM-intake 
Feeding trial ~ animal product quantity I quality 
Table 1.16 Quantity of liquid eo-products (tonnes) from the food industry used in pig 
feeds in The Netherlands (Fraser 1998). 
Ingredient Tonnage OM% Inclusion rate % 
Wheat starch 885,000 15-25 30 
Sugar molasses 150,000 15-20 5 
Brewers spent grains 625,000 21 5 
Fresh maize gluten 95,000 44 5 
Brewers yeast 70,000 15 12 max 
Steamed potato peel 500,000 14 15-20 
Whey I milk products 300,000 5 15 
Mycelium and yeast washes 78,000 17 5 
Oils and fats 78,000 35 7 
Bakery and waffie products 80,000 65 25-30 
Onion juice 50,000 10 7 
52 
Chapter I Literature review 
Scholten et al. (1997) investigated the inclusion of a combination of liquid wheat starch 
(L WS), potato steam peel (PSP) and cheese whey (CW) in pig diets, keeping the energy 
content and nutrient levels equal. They reported that it was possible to replace 35% of the 
dry matter in growing pig diets and 55% in finishing diets at a water to feed ratio of 2.6:1, 
without loss of performance. In fact, the growing-finishing pigs fed the eo-product diet 
showed a higher average daily gain (768 versus 740 g per day; P < 0:05) and an improved 
feed conversion ratio (2.58 versus 2.69; P < 0.05) compared with the control diet. 
1.3.5 Gut health and liquid feed 
There is growing evidence that liquid feeding reduces gastrointestinal disorders and 
diarrhoea, and imp011antly for human food safety, it appears to reduce the shedding of 
Salmonella (Tielen, van Schie, van der Wolf, Elbers, Koppens and Wolbers 1997; 
Pedersen, Fisker, Hansen and Kjeldsen 1998; Lo Fo Wong, Altrock, Grafanakis, Thorburg 
and van der Wolf 1999; van der Wolf, Bongers, Elbers, Franssen, Hunneman, van Exsel 
and Tielen 1999). 
In a study of 320 farms in The Netherlands, the incidence of Salmonella positive herds was 
10 times lower on farms with liquid feeding, incorporating food industry eo-products, than 
on farms utilising dry feed systems (Tielen et al. 1997; van der Wolf et al. 1999). These 
authors attributed the low Salmonella prevalence to the antagonistic activity of the organic 
acids present in the food industry residues, due to the indigenous lactic acid bacteria 
fermenting the water-soluble carbohydrates present. These data are further supported by 
the results of an EU-project 'Salinpork' ('Salmonella in Pork') which examined herd-level 
risk factors for the introduction and spread of Salmonef!a in Danish, German, Greek, 
Swedish and Dutch pig herds (Lo Fo Wong et al. 1999). They found that the incidence of 
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Salmonella was 8.2 % in herds feeding pelleted dry feed, 4.2% in herds feeding non-
pelleted and dry feed and only I% in herds feeding non-pelleted and wet feed. 
Furthermore, the odds of the pig herd fed whey being seropositive for Salmonella was I% 
compared with 5.6% in herds not fed whey. Therefore, the inclusion of fermented food 
industry eo-products through the reduction I exclusion of Salmonella at farm level makes a 
significant contribution to human food safety. 
Pedersen et al. (1998) investigated, through a farm questionnaire survey, the relationship 
of pH and temperature of liquid feed on the incidence of diarrhoea (Tables 1.17 and 1.18). 
The survey highlighted a higher incidence of diarrhoea in herds where the pH of the liquid 
feed was above pH 4.6 (Table 1.17). The low pH and concomitant high levels of lactic 
acid were implicated with the lower incidence of diarrhoea in the group, pH 3.5- 4.5. 
Table 1.17 
1998) 
Relationship of pH in liquid feed to incidence of diarrhoea (Pedersen et al. 
Grower pigs Finishing pigs 
pH of liquid feed 3.5-4.5 4.6-6.5 3.5-4.5 4.6- 6.5 
No. of herds 17 30 31 50 
Incidence of diarrhoea, % of herds: 
Never 35 13 42 24 
Rarely 53 70 55 68 
Frequently 12 17 3 8 
Always 0 0 0 0 
An increase in temperature in liquid feed was associated with a reduction in diarrhoea in 
herds (Figure 1.18). The higher temperature of production ( 1'5 - 25°C) may result in an 
increase in fermentation, thereby lowering the pH of the liquid feed and excluding the 
potential pathogens. Unfortunately, the survey did not include data of temperature and pH 
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values from the same farms to be able to make a direct correlation with these factors and 
diarrhoea. 
Table 1.18 Relationship of temperature m liquid feed to the incidence of diarrhoea 
(Pedersen et al. 1998) 
Grower pigs Finishing pigs 
Temperature of liquid feed 2- 14°C 15-25°C 2- 14°C 15-25°C 
No. of herds 6 a 36b 3' 15b 11 a 6Gb 3' 20b 
Incidence of diarrhoea, % of herds: 
Never 17 25 33 20 27 35 100 40 
Rarely 66 53 67 80 73 57 0 60 
Frequently 17 22 0 0 0 8 0 0 
Always 0 0 0 0 0 0 0 0 
• The temperature in the liquid feed was measured; b The temperature ·in the liquid feed was estimated 
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1.4 Fermentation of liquid feed 
1.4. 1 Management of liquid feed 
Literature review 
Recent developments in liquid feeding equipment and feeding practice have moved 
towards ad libitum feeding systems (Brooks 1999). The production of a palatable liquid 
feed in an ad libitum system has been problematic for the weaner producer. Without a 
proper clean down between feed preparation steps and residual liquid feed residing in the 
system, the steeping of feed in water allows for the proliferation of the epiphytic 
microflora present on the feed and the microflora colonising the feeding system (Brooks et 
al. 1999). Not all of the bacteria and yeast present are desirable and, in fact, many have the 
potential to cause spoilage characterised by off-flavours, aromas and often excessive C02 
production (Jay 1996; Brooks et al. 1999). The subject of fermented liquid feed for pigs 
has been extensively reviewed in the literature in recent years (Jensen et al. 1998; Brooks 
1999; Brooks et al. 1999; Scholten et al. 1999; Brooks et al. 2001). This review will 
highlight only the main points raised and any additional information not covered in those 
reviews. 
Chemical stabilisation of liquid feed 
Previous work at the University of Plymouth investigated the potential of four chemicals 
(hydrogen peroxide, propionic acid, diacetyl and sodium metabisulphite) and two organic 
acid mixtures (Selacid [formic acid, acetic acid, sorbic acid, propionic and lactic acid] and 
Selko BG [synergistic mixture of organic acids and salts of organic acids - no specific 
information given], both produced by Selko B.V. Netherlands) to sterilise liquid feed 
(Varekamp 1996). None of the materials tested was suitable for the production of a 
palatable sterilised liquid feed. Hydrogen peroxide (0.05 and 0.1% v/v), Selacid (0.5 and 
0.8% v/v), diacetyl (0.05, 1.5 and 3.0 % v/v) and sodium metabisulphite (0.0 I, 0:02 and 
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0.03 % w/v) all proved to be ineffective at given concentrations at inhibiting the epiphytic 
microflora at the concentrations used. The two compounds which proved effective in 
sanitising the feed, propionic acid (4 % v/v) and Selko B.G. (3.5 % v/v), produced an 
unpalatable feed which was refused by the piglets in a feeding trial. 
Demeckova et al. (2000a; 2000b) recently studied the application of a range of 
concentrations (I 00, 200, 300, 400 and 500 ppm) of chlorine dioxide to suppress bacterial 
proliferation in liquid feed. Chlorine dioxide is a strong oxidising and sanitising agent 
with a broad antimicrobial spectrum, which has recently received attention due to its 
potential advantages over the chlorine based sanitisers (Junli, Li, Nenqi, Li, Fun and 
Guanle 1997; Foschino, Nervegna, Motta and Galli 1998). No colifonns, yeast or lactic 
acid bacteria were detected after 24 h in the liquid feed treated with 300 ppm chlorine 
dioxide or higher (Table 1.19) (Demeckova et al. 2000). Demonstration that chlorine 
dioxide was able to inactivate the microbial populations in liquid feed creates the 
possibility of producing a 'biosafe' liquid feed for young piglets. A commercial application 
for chlorine dioxide is currently being investigated (Steve Boume, 2000, Alltech UK, pers 
comms. ). 
Table 1.19 
Coliforms 
LAB 
Yeasts 
Effect of chlorine dioxide concentration and time on the sanitation of liquid 
feed (Demeckova et al. 2000b). 
Chlorine dioxide concentration (ppm) P 
Time (h 0 100 200 300 s.e,d Time Cl02 
0 3.2' 1 3.2'1 2.7' 1 <2.0b 0.12 <0.001 <0.001 
24 8.2' 6.3b 4.0< <2.0d 
0 4.1' 1 <3.0bl <3.0bl <3.0b 0.06 < 0.001 <0:001 
24 8.4' 5.5b 3.8< <3.0d 
0 4.9' 1 4.7' 1 4.6•bl 4.0bl 0.05 < 0.001 < 0.001 
24 6.5' 3.9b 3.1 c <3.0d 
a. ,c, Within rows, means with a common superscript are not statistically different (P > 0.05); LAB = lactic 
acid bacteria 
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1.4.2 Deliberate fermentation of liquid feed 
The role of lactic acid bacteria in fermentation 
Fennentation by the lactic acid bacteria has been a method of food and feed preservation 
for more than 6000 years (Holzapfel, Geisen and Schillinger 1995; Ouwehand 1998). 
Steeping of a foodstuff allows for the proliferation of epiphytic lactic acid bacteria. 
Fennentation by lactic acid bacteria leads to the production of organic acids and an acidic 
pH thereby controlling the growth of acid sensitive spoilage and pathogenic organisms and 
preserving the product ~LUcke and Eamshaw 1991). There are a large variety of species 
that have been associated with a diverse range of human and animal feed fennentations 
(Table 1.20). 
The lactic acid bacteria (LAB) are a disparate group of Gram-positive bacteria united by a 
variety of morphological, metabolic and physiological characteristics (Axelsson 1998). 
The general description of the bacteria included in the group is Gram-positive, non-
sparing, non-respiring cocci or rods, which produce lactic acid as the major end-product 
during the fennentation of carbohydrate. Taxonomically the lactic acid bacteria group is 
subject to controversy but it is believed to comprise of the following genera: Aerococcus, 
Alliococcus, Carnobacterium, Dolosigranulum, Enterococcus, Globicatella, Lactobacillus, 
Lactococcus, Lactosphaera, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, 
Tetragenococcus, Vagococcus and Weissella (Axelsson 1998). The classification of LAB 
into different genera is largely based on morphology, mode of glucose fennentation, 
growth at different temperatures, configuration of lactic acid produced, ability to grow at 
high salt concentrations, and acid or alkaline tolerance. New molecular tools for 
classification and identification of LAB are uriderway (Tannock 1999). 
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Table 1.20 Lactic acid bacteria associated with human food and animal feed fermentations. 
Product Bacterial species Reference 
Fermented foods {or human consumption 
Fermented dairy 
products 
Lb. acidophilus, Lb. brevis, Lb. buchneri, Lb. casei spp. casei, Lb. casei spp. rhamnosus, Lb. casei spp. tolerans, Lb. I , 2 , 3 
curvatus, Lb. delbruekii spp. bulgaricus, Lb. delbruekii spp. lactis, Lb. delbruekii spp. delbruekii, Lb. fermentum, Lb. 
helveticus, Lb. helveticus spp. jugeri, Lb. hilgardii, Lb. johsonii, Lb. kejir, Lb. manihotivorans, Lb. paraeasei spp. 
paracasei, Lb. plantarum; Le. lactis spp. /actis, Le. lactis biovar diacetylactis; Strep. thermophilus; Leu. mesenteroides 
spp. cremoris, Leu. mesenteroides spp. dextranicum, Leu. mesenteroides spp. mesenteroides; Bif. bifidum, Bif. breve, Bif 
infantis, Bif. longum. 
Fermented vegetables Lb. acidophilus, Lb. bavaricus, Lb. bifidus, Lb. brevis, Lb. buchneri, Lb. casei, Lb. curvatus, Lb. delbruekii, Lb.fermentum, 2, 4, 5, 6, 7, 8, 
Fermented cereals, 
tubers and roots 
Lb. helvetieus, Lb. pentosus, Lb. plantarum, Lb. sake, Lb. salivarius, Lb. xylosus; Leu. mesenteroides; Ent. faecalis; Ped. 
acidilactici, Ped. pentosaceus. 
Lb. agi!is, Lb. amylophilus, Lb. amylovorus, Lb. alimentarius, Lb. brevis. Lb. brevis var. lindneri, Lb. buehneri, Lb. 
bulgarieus, Lb. casei, Lb. eellobiosis, Lb. eonfusus, Lb. fareiminis, Lb. fermentans, Lb. fermentum, Lb. malefermentans, Lb. 
plantarum, Lb. reuteri, Lb. sanfrancisco: Le. laetis spp. diacetylaetis, . Le. laetis spp. laetis; Ent. faeealis, Leu. 
mesenteroides. 
9, 10 
2, 11, 12, 13, 
14, 15, 16, 17, 
18 
Fermented fish I meat Lb. alimentarius, Lb. bavaricus, Lb. curvatus, Lb. farciminis, Lb. pentosus, Lb. plantarum, Lb. rhamnosus, Lb. sake; Ped. 2, 4, 19, 20, 21, 
products acidilactici, Ped. pentosaeeus; Carn. divergens, Carn. piscicola. 22 
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Table 1.20 (cont.) Lactic acid bacteria that have been associated with food and feed fermentations. 
Fermented foods {or animal consumption 
Forage silage Lb. acidophilus, Lb. bifermentam. Lb. brevis, Lb. buchneri, Lb. casei, Lb. eel/abiosis, Lb. confusus, Lb. coryniformis, Lb. 2, 23, 24, 25, 
curvatus, Lb. delbruekii, Lb. fermentum, Lb. farciminis, Lb. plantarum, Lb. paracasei spp. paracasei, Lb. salivarius, Lb. 
viridescens; Leu. cremoris. Leu. dextranicum, Leu. lactis, Leu. mesenteroides, Leu. paramesenteroides; Ped. acidilactici, 
Ped. cerevisiae (damnosus), Ped. dextrinicus, Ped. pentosaceus; Strep. bovis, Strep. cremoris, Strep. lactis, Strep. 
raffinolactis; Ent. faecalis, Ent faecium. 
Vegetable silage Lb. plantarum; Lactobacillus spp.; Lactococcus spp.; Streptococcus spp.; Pediococcus spp.; Leuconostoc spp. 
Fish silage Lb. plantarum, Lb. alimentarius, Lb. fariminis, Lactobacillus spp.; Ent. faecium; Leu. dextranicum, Leuconostoc spp. 
Slaughterhouse waste Lb. plantarum, Lb. acidophilus, Ped. acidilactici, Ped. pentosaceus 
Lb Lacrobacdlu.f; Le lacrococclls: Leu Lr?IIConostoc: Pcd PcdlOcoccus; Ent Enrerococms: 5trep -Streptococcus; (arn - Carnobacrenum 
26,27 
28,29,30 
31, 32, 33,34 
35, 36, 37, 38, 
39 
1 (Lee and Wong 1998); 2 (Harnrnes, Weiss and Holzapfel 1992); 3 (Hebert, Raya, Tailliez and de Giori 2000); 4 (Biickenhuskes 1993); 5 (Campbell-Plan 1987); 6 (Daeschel, 
Andersson and F1eming 1987); 7 (Daeschel, Fleming and McFeeters 1988); 8 (F1eming and McFeeters 1981); 9 (Femandez Diez 1983); 10 (Rombouts and Nout 1995); 11 
(Hounhouighan, Nout, Nago, Houben and Rombouts 1993); 12 (Johannson, Sanni, Lonner and Mollin 1995); 13 (Halm, Lillie, Sorensen and Jakobsen 1993); 14 (Hamad, 
Bocker, Vogel and Harnrnes 1992); 15 (Salovaara 1998); 16 (Odunfa 1985); 17 (Nigatu, Ahrne and Molin 2000); 18 (Ben, Ampe, Raimbault, Guyot and Tailliez 2000); 19 
(Schillinger and Lucke 1987); 20 (Borch and Mol in 1988); 21 (Errkkila, Vena1ainen, Hielrn. Petaja, Puolanne and Manila-Sandholm 2000); 22 (Stiles 1996); 23 (Brooks and 
Buckle 1992); 24 (McDonald, Henderson and Heron 1991); 25 (Lindgren 1992); 26 (Muller and Steller 1995); 27 (Fen1on, Henderson and Rooke 1995); 28 (Ashbell and 
Lisker 1987); 29 (Moon 1981b); 30 (Moon 1981a); 31 (Lindgrenand Pleje 1983); 32 (Cooke, Twiddyand Reilly 1987); 33 (van Wykand Heydenrych 1985); 34 (Lindgren 
and Refai 1984); 35 (Partanan, Alaviuhkola and Nasi 1992); 36 (Tibbens, Seerley and McCampbell1987); 37 (Skrede and Nes 1988); 38 (Kamra and Srivastava 1992); 39 
(Cai, Pancorbo and Barnhart 1994). 
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The important feature of LAB metabolism is efficient carbohydrate fermentation coupled 
to substrate level phosphorylation. The predominant fermentation pathways are shown in 
Table 1.2I, although, it is understood that LAB adapt to various conditions and change 
their metabolism accordingly (Cselovszky, Wolf and Hammes 1992; Tseng and Montville 
1993). 
Table 1.21 Stoichiometry and end-metabolites of sugar metabolism by lactic acid 
bacteria (Seale I986) 
A. Aerobic pathways 
1. Homofermentative 
02 I glucose (or I fructose)--=-- I lactic acid+ I pyruvic acid+ I H20 
2. Heterofermentative 
02 
I glucose (or I fructose)---! lactic acid+ I acetic acid+ C02 + 2H20 
B. Anaerobic pathways 
I. Homofermentative 
i) I glucose (or I fructose)---+ 2 lactic acid 
ii) I pe11tose I lactic acid + I acetic acid 
2. Heterofennentative 
i) I glucose---+ 
ii) 3 fructose---
I lactic acid + I ethanol + I C02 
I lactic acid + 2 mannitol + I acetic acid + I C02 
iii) 2 fructose+ I glucose --- I lactic acid + I acetic acid + I C02 
iv) I pentose ---
+ 2 mannitol (Lactobacillus brevis) 
I lactic acid + I acetic acid. 
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lt is the ability of the LAB to rapidly produce large quantities of lactic and acetic acid from 
the water soluble carbohydrates present, with a concomitant pH reduction that results in a 
preserved food I feed. Other LAB metabolic products such as hydrogen peroxide, diacetyl 
and bacteriocins can also contribute to the overall antibiosis and preservative potential of 
these products (Lindgren and Dobrogosz 1990). The lactic acid bacteria can ferment 
sugars by different pathways yielding quantities of lactic acid (Table 1.21 ), however, they 
can also produce lactic acid from the fermentation of sugars released from the slow 
breakdown of hemicellulose and starches present in the diet. 
Principles of the production of a 'biosafe'feed 
Fermentation involving LAB results in accumulation of organic acids, primarily lactic acid 
as a major end product of carbohydrate metabolism, generated from pyruvate by lactic acid 
dehydrogenase (Ouwehand 1998). The accumulation of lactic acid and the concomitant 
reduction in pH of the FLF results in a broad-spectrum inhibitory activity against Gram-
positive and Gram-negative bacteria. The acidic pH, dissociation constant (pK. value), and 
the molar concentration are factors that detem1ine the inhibitory activity of lactic acid and 
acetic acid in the feed. Acetic acid has a pKa of 4.76, while lactic acid has a pK. of 3.86 
(Adams and Hall 1988). This is an important factor if one considers undissociated acid as 
antagonistic to the growth of many potential pathogens and putrefactive bacteria. 
Lipophilic acids such as lactic acid and acetic acid in undissociated form can penetrate the 
microbial cell membrane, and at higher intracellular pH dissociate to produce hydrogen 
ions that interfere with essential metabolic functions such as substrate translocation and 
oxidative phosphorylation (Ray and Sandine 1992). 
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Lactic acid Is also a potent outer-membrane-disintegrating agent, as evidenced by its 
ability to cause lipopolysaccharide release and to sensitise bacteria to detergents and 
lysozyme (Alakomi, Skytta, Saarela, Mattila-Sandholm, Latva-Kala and Helander 2000). 
This permeabilising effect of lactic acid therefore, should be able to potentiate the apparent 
antimicrobial activity of agents that are too lipophilic or too large to efficiently penetrate 
the intact Gram-negative bacterial outer membrane. This would include other end-
metabolites of the lactic acid bacteria, such as bacteriocins, which have an effect on Gram-
positive bacteria and antimicrobial compounds found in the feed (e.g. copper sulphate). 
Evidence to support this theory comes from a recent study of a culture supematant of 
Lactobacillus plantanmz shown to contain small-molecular-mass substances acting 
together with lactic acid against the Gram-negative target organism Pantoea agglomerans 
(Niku-Paavola, Laitila, Mattila-Sandholm and Haikara 1999). 
Goepfert and Hicks (1969) demonstrated that Salmonella spp. were inhibited at pH values 
lower than pH 4.4 for lactic acid and pH 5.4 for acetic acid. Thus, small amounts of acetic 
acid produced by LAB could elicit a potent antimicrobial effect. Adams and Hall ( 1988) 
reported a synergism between lactic and acetic acid in the inhibition of E.coli and 
Salmonella spp. They described this phenonomen to be due to the strong acidic effect of 
lactic acid that resulted in an increase in the molar ratio of inhibitory undissociated acetic 
acid. 
Although, lactic acid is the most important inhibitory agent produced during fermentation, 
the lactic acid bacteria produce a large number of other end~metabolites, with antimicrobial 
properties (Table 1.22). Many of these antimicrobial substances have a more defined 
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antimicrobial spectrum, ranging from only related strains to a wide variety of Gram-
positive and Gram-negative bacteria (Ouwehand 1998). 
Table 1.22 Metabolic products of lactic acid bacteria with antimicrobial properties 
(Holzapfel et al. 1995) 
Product 
Organic acids 
- lactic acid 
- acetic acid 
Hydrogen peroxide 
Enzymes 
- lactoperoxidase system with H20 2 
Loll'-molecular ll'eight metabo/ites 
- reuterin 
- diacetyl 
- fatty acids 
Bacteriocins 
-nisin 
-other 
Main target organisms 
Putrefactive and Gram-negative.bacteria, some fungi 
Putrefactive bacteria, clostridia, some yeasts and fungi 
Pathogens and spoilage organisms, especially in protein rich foods 
Pathogens and spoilage bacteria (milk and dairy products) 
Wide spectrum of bacteria, .moulds and yeasts 
Gram-negative bacteria 
Different bacteria 
Some LAB and Gram-positive bacteria, notably endospore-fanners 
Gram-positive bacteria, inhibitory spectrum according to producer 
strain and bacteriocin type 
There is an extensive literature available on the inhibition of individual pathogens by lactic 
acid bacteria. Adams and Nicolaides (1997) reviewed a number of published studies of the 
effects of fennentation on the fate of different bacterial pathogens in a variety of food 
materials. In the studies, pathogen survival could be attributed to the differences in lactic 
acid concentration, food ingredients, food preparation, salt content, water activity, 
temperature, heat treatment prior to or post challenge, presence of inhibitory agents other 
than lactic acid, lactic acid bacteria species present, and the species of pathogen 
challenged. There was a broad consensus that in a well-fermented food the growth of 
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bacterial pathogens was prevented and, in many cases, the numbers of the pathogen 
declined during storage. The same authors concluded that enteric viruses do not show the 
same susceptibility to weak organic acids as bacteria and therefore, survive well in lactic 
fermented products (Adams and Nicolaides 1997). 
The production of traditional African I Asian cereal gruels is akin to the production of 
liquid feed. Several studies have confirmed that cereal-based weaning foods are an 
important source and transmission of pathogens related to diarrhoea] diseases (Motarjemi, 
Kaferstein, Moy and Quevedo 1993; Kingamkono, Sjogren and Svanberg 1999). The use 
of a natural lactic acid fermentation has been shown to be effective in excluding pathogens, 
such as Bacillus cereus, Campylobacter jejuni, Escherichia coli (ETEC), Salmonella 
typhimurium, Shigella jlexneri, Staphylococcus aureus and Vibrio cholerae (Svanberg, 
Sjogren, Lorri, Svennerholm and Kaijser 1992; Kingamkono, Sjogren, Svanberg and 
Kaijser 1994; Kingamkono, Sjogren, Svanberg and Kaijser 1995; Antony, Moses and 
Chandra 1998; Kingamkono, Sjogren and Svanberg 1998; Nigatu and Gashe 1998; 
Byaruhanga, Bester and Watson 1999). 
Svanberg et al. ( 1992) observed a greater inhibitory response from fermentation than by 
simple acidification with the equimolar concentrations of organic acids. Kingamkono et 
al. (1994) found that the growth of pathogens was inhibited in the fem1ented gruels, in the 
order: Bacillus > Campylobacter > Escherichia coli > Salmonella > Shigella. 
Furthennore, a number of studies have found that feeding a lactic acid-fem1ented cereal 
gruel to young children significantly reduced the incidence of diarrhoea and can help to 
control intestinal colonisation with potential diarrhoea-causing pathogens (Lorri and 
Svanberg 1994; Kingamkono et al. 1999). 
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Microbial activity during steeping of liquid feed 
Before looking at the deliberate fermentation of liquid feed it is important to recognise that 
uncontrolled fermentation always occurs to some extent in liquid feeding systems (Brooks 
et al. 1999). The lactic acid bacteria, epiphytic to the cereal component of the diet, will 
proliferate in a liquid feed system and reduce the pH of the diet (Smith 1976; Jensen and 
Mikkelsen 1998; Geary, Brooks, Beal and Campbell 1999). Due to the layout and 
construction of pipeline liquid feeding systems, it is usual for feed to reside in the system 
between feeds, which is generally microbiologically active. In effect, the liquid feed 
system acts as a microbiological fermenter (Brooks 1999). 
The importance of the stabilising the microbial population in the residual feed was 
highlighted in a Danish survey in 1989 (Hansen and Mortensen 1989). The authors 
reported that it took 3-5 days for the Lactobacillus populations to dominate and stabilise in 
pipeline feedings systems. The survey also reported that sterilisation of the pipeline 
feeding system removed the protective effect of the lactobacilli and low pH and allowed 
for coliform bacteria to proliferate for a period of 1-5 days which correlated with outbreaks 
of diarrhoea. The outbreaks of diarrhoea resolved when the system re-established the 
dominant Lactobacillus population and concomitant low pH. 
The findings of Hansen and Mortensen (1989) has led to the deliberate fermentation of 
liquid feed through prolonged steeping until the Lactobacillus population dominates and 
converts the sugars in the diet to lactic acid and reduces the pH to approximately pH 4 
(Geary et al. 1999). The increase in lactic acid and concomitant reduction in pH becomes 
bactericidal for the colifonn bacteria present (Figure 1.2). A continuous fermentation is 
maintained by retaining 50% of the feed each day in the system and adding 50% fresh feed 
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and water to the mixture. This residual feed, h.igh in lactic acid bacteria and lactic acid acts 
as an inoculum for the fresh mixture and rapidly preserves the feed. The high 
concentration of lactic acid in the residual feed ensures that no pathogenic or other spoilage 
organisms can become established from the incoming feed. 
Figure 1.2 Changes in pH and the microbial population of liquid feed over time (Geary 
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In pathogen challenge studies using Salmonella typhimurium, van Winsen et al. ( 1997) 
found that pig feed fermented with Lb. p/antarum had a bacteriostatic effect on Salmonella 
typhimurium during the flfst two hours and a bactericidal effect thereafter (Figure 1.3). 
The pathogen could not be isolated six hours after introduction to the system. In contrast, 
S. typhimurium survived and multiplied in non-fermented feed during the first ten hours of 
storage. 
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Figure 1.3 
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Survival of Salmonella typhimurium in fermented liquid feed (van Winsen 
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To date, the complex microbial ecology of liquid feed systems has not been studied in 
detail but may be Likened to the fermentation of other foods and feeds containing a variety 
of cereal based ingredients (Daeschel et al. 1987; Nout and Rombouts 2000). Raw 
materials used in the preparation of liquid feed contain a numerous and varied epiphytic 
microflora, including many potential spoilage microorganisms, and a small population of 
lactic acid bacteria (Geary et al. 1999). The Liquid feed fermentation results in a microbial 
succession that may be hypothetically categorised into four stages, namely initiation, 
primary fermentation, secondary fermentation, and post-fermentation (Table 1.23) 
(Fleming and McFeeters 1981). 
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Table 1'.23 Microbial succession in liquid feed fermentations (Fleming and McFeeters 
1'981) 
Stage 
Initiation 
Primary fermentation 
Secondary fermentation 
Post-fermentation 
Prevalent micro-organisms 
Various Gram-positive and -negative bacteria 
Lactic acid bacteria, yeasts 
Yeasts 
Open tanks: Surface growth of oxidative yeasts, moulds and 
bacteria. 
Anaerobic tanks: no microbial activity 
These four stages are based on changes in the chemical and physical environments during 
fermentation and storage of FLF. These environments dictate the type and extent of 
microbial growth. The rapidity of transition between stages varies among liquid feed 
fermentations due to the various raw materials utilised as we11 as the chemical conditions 
(e.g. ingredients used, buffering capacity, presence I absence of antimicrobials) and 
physical conditions (e.g. temperature, backslopping, mixing, aerobic I anaerobic) under 
which they are held. 
The initiation stage may include growth of many of the facultative and strictly anaerobic 
micro-organisms origina11y present on the fresh material, but as lactic acid bacteria become 
established, the pH value is lowered and growth of undesirable microorganisms such as the 
Gram-negative and spore-fom1ing bacteria are inhibited (Nout and Rombouts 2000). The 
quality of the final product depends largely on the rapidity with which the lactic acid 
bacteria are established and the undesirable bacteria are excluded (Jensen and Mikkelsen 
1998; Geary et al. 1999). 
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During the primary fermentation stage, lactic acid bacteria and fermentative yeast are the 
predominant active microflora (Wood and Hodge 1985). These micro-organisms grow in 
the FLF until the fennentable carbohydrates are exhausted or until the lactic acid bacteria 
are inhibited by low pH values, resulting from production of lactic and acetic acids. 
Buffering capacity and the fermentable carbohydrate content of the diet are important 
factors that govern the extent of fermentation by lactic acid bacteria and the extent of 
subsequent fermentation by yeast (Brooks 1999). 
Secondary fermentation is essentially due to fermentative yeast (Fieming and McFeeters 
198,1 ). These yeast may become established during the primary fermentation, are acid 
tolerant and if fermentative carbohydrates remain after the lactic acid bacteria are inhibited 
by low pH values, continue to grow until the fermentable carbohydrates are exhausted. 
During the post-fermentative stage, when fermentable carbohydrates are exhausted, 
microbial growth is restricted to the surface of FLF exposed to air. When the surface of 
FLF is exposed, oxidative yeast, moulds, and ultimately spoilage bacteria may become 
established on the surface of improperly managed tanks (Daeschel et al. 1987). No surface 
growth occurs in anaerobic tanks. 
Numerous chemical and physical factors influence the rate and extent of growth of various 
microorganisms, as well as their sequence of appearance during fermentation. Acidity and 
pH value greatly influence establishment and extent of growth of lactic acid bacteria (Seale 
1986). Temperature, natural inhibitory compounds of plant origin, antimicrobial additives, 
exposure of the FLF surface to air and sunlight, fermentable carbohydrate content of the 
diet and availability of nutrients in the FLF are other important factors that may affect 
fennentation. 
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Problems associated with liquid feed fermentations 
A large number of problems have been identified with the production of fermented liquid 
feed (FLF) in the commercial situation. 
Brooks ( 1998) listed a number of reasons and causes for not getting a desirable lactic 
fermentation: 
• the system becomes,dominated by inappropriate organisms 
• suitable LAB may not be present on the raw materials 
• yeasts may dominate the system if temperature is too low 
inappropriate raw materials may introduce spoilage organisms (e.g. some 
food industry residues derived from fem1entation processes) 
a dietary ingredient I medication may select for spoilage organisms 
• fermentation may be restricted because 
• 
• the tank temperature is too low 
the tumover rate of material in the tank is too fast (insufficient residue left 
to re-inoculate the system, insufficient time for fennentation to stabilise) 
the raw material base may not support the fermentation 
fermentation inhibited I killed because 
medications added to the FLF 
• the system has been 'cold shocked' by the addition of cold water when 
recharging the system 
• system breaks down over a period of time even with good management 
inappropriate microbes dominate 
bacteriophage destroy desired organisms 
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Changes in chemical composition offermellled liquid feed 
Jensen and Mikkelsen (1998) have investigated the importance of temperature (I 0, 15, 20, 
25 and 30°C) on the chemical composition and pH development in liquid feed. Using a 
0.5 residue and eight hour replenishment of the tank they found that a steady state was 
reached in 50 h when the feed temperature was maintained at 25°C whilst around 100 h 
was required when the feed was maintained at I5°C. They concluded that the temperature 
must be at least 20°C if the required pH at feeding is to be lower than 4.5. Their studies 
found a steady increase in the concentration of lactic acid as a result of raising the 
temperature from 10°C (50 mmol I kg) to 20 oc (150 mrnol I kg). Although, no further 
increase in lactic acid production was gained by raising the temperature above 20°C. 
Scholten et al., ( 1998) investigated the production of lactic acid over a six day storage 
period in a range of products, including two liquid compound diets (Liquid Grower Diet 
and Liquid Finisher Diet) and three liquid eo-products (L WS, PSP and CW) (Figure 1.4), 
ln the two liquid compound diets, large quantities of lactic acid were produced after 24 
hours steeping, presumably after the lactic acid bacteria population had become 
established. There was a large difference in the terminal lactic acid concentration (Figure 
1.4) in that the Liquid Finisher Diet had approximately 30% more lactic acid than that of 
the Liquid Finisher Diet. No explanation was given for this difference but it could be 
hypothesised that it was due to substrate limitation and I or buffering capacity of the feed. 
ln each of the liquid eo-products, fem1erttation had begun by the start of the study, 
presumably during transport, and in the case of Liquid Wheat Starch the fem1entation had 
been completed. 
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Figure 1.4 
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In the study by Jensen and Mikkelsen (1998), they suggest that approximately 3% of the 
dry matter and energy content of the feed are lost during the fermentat ion process (Table 
1.24). This appeared to be independent oftemperature. 
Table 1.24 Effect of fermentation temperature on the chemical composition of liquid 
feed (Jensen and Mikkelsen 1998) 
Treatment Dry matter% Energy Starch (g!kg) Total N (g/kg) 
(MJ/kg) 
Non-fermented 24 .18 4.778 97.5 9.8 
15° c 23.4b 4.62b 97.6 9.4 
20° c 23.4b 4.65b 95.9 9.3 
25° c 23.2b 4.58b 96.5 9.4 
30° c 23.4b 4.63b 97.5 9.8 
Loss % 3.1 3.1 
a,b Figures within a column not sharing a common superscript differ significantly P < 0.05 
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However, Brooks (1998) warned that caution should be exercised in interpreting data 
where energy values are derived from equations developed to predict energy value in dry 
feed. In liquid feed it is possible to get a reduction in gross energy while at the same time 
getting an increase in net energy, because some oligosaccharides and sugars present in the 
diet are converted to lactic and acetic acids which have a higher digestible energy value. 
Use of exogenous enzymes in liquid feeding systems 
Soaking the diet has a positive effect activation of natural phytase enzymes present in the 
pericarp of some cereal grains and seeds. Thus, soaking wheat and barley increased 
phytate hydrolysis whereas rapeseed and soya bean were little affected (Figure 1.5) 
(Brooks 1999). 
Figure 1.5 Effect of soaking materials in water on phytate hydrolysis (Brooks 1999) 
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The application of exogenous phytase to the materials low in endogenous phytase, such as 
soya, has proved to be more beneficial than to material high in phytase activity, wheat 
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(Figure 1.6), Thus, the degradation ofphytic acid I phytate increases the availability of the 
minerals and phosphorus in the diet (Table 1.25). In the case of wheat, the increases in 
mineral availability only reach significance when an exogenous phytase enzyme is added 
to the wheat based liquid feed (Table 1.25). 
Table 1.25 Effect of soaking and phytase addition (AIIzyme Phytase, Alltech Inc.) to a 
wheat (75%) based liquid diet on the apparent mineral availability(%) in the 
feed (Brooks 1999) 
Mineral Control Feed soaked in Feed soaked in water 
water for 12 h + phytase for 12 h 
Phosphorus (total) 52" 56 63" 
Phosphorus (plant origin) 37" 41 so• 
Calcium 66 69 76 
Magnesium 13" 24b 45"b 
Copper IS"b 25"c 39bc 
Zinc 92 94 94 
' 'means with the same superscript differ at P < 0.05 
In a subsequent study, the effect of mineral bioavailability in the pig from a liquid diet high 
in phytic acid and endogenous phytase was investigated (Larsen, Skoglund, Sandberg and 
Engberg 1999). The authors found that a nine hour soaking period reduced the phytate 
content to approximately 50% on the initial level. However, soaking the diets, and thereby 
reducing the phytate content before ingestion did not have a significant effect on 
absorption of minerals in the gastrointestinal tract. The authors hypothesised that 
liberation of the mineral from the feed matrix does not necessarily mean that the mineral/ 
element will stay in a free soluble form in the digesta. Thus, the mineral/ element may be 
bound to other feed components, or utilised by the microflora, and thereby escape uptake 
in the mucosal layer and consequently become excreted. 
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Figure 1.6 Effect of steeping raw materials in water or water+ phytase (Brooks 1999) 
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The addition of protease enzymes to liquid soybean meal as a means of increasing 
nitrogen digestibility has been investigated (Beal, Brooks and Schultz 1998). The in vitro 
nitrogen digestibility of soybean protein was increased but depended upon the processing 
treatment to which the soybean had been subjected (Table 1.26). 
Table 1.26 In vitro nitrogen digestibility (%) of soybean meals steeped for 24 h with 
three different pro teases (Be a! et al. 1998) 
Control Protease 2 Protease 3 Protease 4 
Raw soya bean 75.8 85.8•' 88.93 85.8•' 
Steam pressure cooked 80.3 84.0al 84.9al 87.8al 
Micronized 74.7 79.1 al 82.7' 77.8· 
Toasted and milled 67.8 1 73.53 74.4• 74.83 
Autoclaved 70.1 1 81.1 a2 78.1 82.33 
' values in the same row with the same letter are not significantly different P < 0:05 
1
"
1 values in the same column with the same number are not significantly different P < 0.05 
Liquid feed systems present an opportunity to exploit the optimum conditions of 
exogenous enzyme technology for targeting specific raw materials, thereby increasing the 
nutritional value of ingredients (Brooks 1999), Furthermore, the improved availability of 
nutrients can be reflected in a reduction of added minerals to diets and hence to a reduction· 
in the pollutant potential of effluent (Brooks 1999). 
1.4.3 Control offermentation process using starter cultures 
Control of liquid feed fem1entation may be through the promotion of a lactic acid bacteria 
fennentation (Jensen and Mikkelsen 1998; Geary et al. 1999; Brooks et al. 200 I). 
Recently, there has been interest in the inoculation of diets for FLF production with· 
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selected strains of lactic acid bacteria (Geary 1997; Jensen and Mikkelsen 1998; Geary et 
al. 1999). The reason for using an inoculant is to initiate the fermentation process and 
produce a rapid reduction in pH during the first few days of steeping, This in turn reduces 
losses due to poor palatability, reduces the deterioration of the nutritional components of 
the feed and excludes the presence of undesirable bacteria (Geary et al. !999). Starter 
cultures would be more attractive to the fanner for stabilising the liquid feed than the more 
commonly used chemical (mainly acid) additives because they are safe to handle and more 
cost effective (Geary et al. 1999). Starter cultures can be defined as preparations that 
contain living microorganisms, which are applied with the intention of making use of their 
microbial metabolism (Hammes 1990), 
Historically, food and feed fermentations have been based on the epiphytic microflora 
present on the raw materials. Early in the 20'hcentury, the introduction of LAB inoculants 
into dairy products revolutionised the production of fennented foods in terms of safety and 
reproducibility of product (Lindgren and Dobrogosz 1990). Today, inoculants are used for 
a wide range of human food and animal feed fennentations including dairy products (Lee 
and Wong 1998; Mayra-Makinen and Bigret 1998), meat products (Hammes et al. 1992; 
Bi.ickenhuskes 1993), fermented cereal and vegetable products (Daeschel et al. 1987; 
Hammes et al. 1992; Salovaara 1998) and silages (Moon 1%1 b; Lindgren and Pleje 1983; 
Lindgren and Dobrogosz 1990; Lindgren 1992). 
The basic criteria required of an inoculant must include (adapted from BUckenhuskes 
1993): 
• safety, generally recognised as safe (GRAS) status 
starter organisms that do not possess any pathogenic or toxin activity 
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starter organisms that dominate the indigenous microflora of feed 
promotion of homo lactic fermentation 
ability to grow rapidly and reduce pH ofFLF at temperatures of20°C 
ability to utilise a broad range of carbohydrates 
propagation must be feasible from an economical point of view 
resistance to in-feed antimicrobials 
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Other characteristics that would be beneficial include, degradation of anti-nutritional 
components of feed (Lei, Amoa-Awua and Brimer 1999), bacteriophage resistance, wide 
temperature growth range, excretion of lysine (Sands and Hankin 1976), bacteriocin 
production and production of other antagonistic metabolites (Piard and Desmazeaud 1992). 
ln recent years, farmers have looked for products that could be used for the initiation and 
stabilisation of FLF and hence, a number of commercial inoculants which contain freeze-
dried cultures of lactic acid bacteria have been used in liquid feeding systems. These 
inoculants have been traditionally developed either as silage inoculants (SilAII, Alltech 
Inc., Kentucky, USA), probiotic preparations (Bactocell, Park Tonks, Cambridge, UK), 
feed supplements (Pronifer, Produktsgenmeinschaft, Austria) or starter cultures for 
fem1ented human food products (Christian Hansen, Denmark). These preparations may 
contain one or more species of lactic acid bactetia and often contain a nutrient source for 
the bacteria. Currently, there is only one product on the market targeting the inoculation 
of liquid feed, Stabisil (Medipham1, Sweden). This product, containing Lactobacillus 
plantarum, Pediococc11s pentosaceus and Pediococc11s acidilactici, is used for the 
production of 'Biofodder', from human food-grade slaughterhouse waste (Partanan et al. 
1992). 
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Only one or two research studies have been conducted involving the use of inoculants for 
the production of fennented feed. Geary (1997) investigated the use of a multiple starter 
culture containing Lactobacillus plantarum. Lactobacillus brevis, Lactobacillus 
fermemum, Lactobacillus casei and Pediococcus acidilactici (Pronifer, 
Produktionsgenmeinschaft, Austria) as an inoculant to control fennentation in a liquid feed 
system for weaner pigs. She concluded that there were no significant differences between 
the final microbial populations and pH of the treated (inoculated) liquid feed and the 
control (no inoculum). In a second study, the use of Pediococcus acidilactici (Bactocell, 
Park Tonks, Cambridge, UK) alone was compared with the acidification of the liquid feed 
with lactic acid (1.25 %) to give a final pH of 4.0 (Geary et al. 1999). The use of 
Pediococcus acidilactici was considered to be unsuccessful due to the fennentation taking 
I 0 days to reach a steady state and an equivalent time to exclude the colifonn population. 
In contrast, the addition of lactic acid to the liquid feed excluded the colifonn population 
within 2 days but the cost of lactic acid was prohibitive. Geary et al. ( 1999) concluded that 
a more aggressive strain of inoculant was necessary to reduce the pH of the liquid feed 
quickly. This was in contrast to the findings of Eckel ( 1997) who found that addition of 
the same strain of P. acidilactici (Bactocell, Park Tonks, Cambridge, UK) completely 
eliminated mesophilic anaerobes, yeast and moulds leaving a dominant lactic acid bacteria 
microflora in the liquid feed. 
In laboratory fem1enters, Jensen and Mikkelsen (1998) demonstrated a benefit from the 
addition of Lactobacillus alimentarius as a starter culture to liquid feed prepared at I5°C. 
The initial pH drop was most pronounced during the first 24 hours after, which time the 
indigenous microflora developed. Once the fem1entation reached a steady state no effect 
of addition of a starter culture was found. The addition of Lb. a/imentarius reduced both 
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the coliform and yeast populations in the liquid feed during the initial 24 hours compared 
with the control (no inoculum) fermentations. The authors concluded that there was a 
benefit from inclusion of a starter culture that initially stabilised the fermentation but at 
steady state no effect of adding lactic acid bacteria cultures was found. 
1.4.4 Influence of FLF on growth performance of pigs 
Jensen and Mikkelsen ( 1998) recently summarised the few published studies comparing 
the performance of fermented liquid fed weaner pigs to those offered either a dry or liquid 
feed (Table 1.27). Fem1ented liquid feed was defined as 'compound feed mixed with water 
and soaked for a period between 8h and several days', and non- fermented liquid feed was 
defined as 'compound feed mixed with water and prepared immediately before feeding'. 
Fermented liquid diets increased daily live weight gain by an average 13.4% compared 
with non-fem1ented liquid diets, and by 22.3% compared with dry diets (Table 1.27). 
Table 1-.27 
FLF V. DF 
FLF v. LF 
Improvement (%) in growth rate and food conversion ratio in experiments in 
which the performance of weaner pigs fed dry feeding (DF), liquid feed 
~LF) or fennented liquid feed (FLF) was compared (Jensen and Mikkelsen 
1998). 
No. of 
trials 
4 
3 
Improved daily weight gain 
Mean+ SD Range 
22.3 ± 13.2 9.2- 43.8 
13.4 ± 7.1 5.7- 22.9 
Improved food conversion 
ratio 
Mean± SD Range 
-10.9 ± 19.7 -44.3-5.8 
-1.4 ± 2.4 -4.8- 0.6 
It must be noted that whilst the range of improvements is large, feeding a fermented diet 
consistently gave an improvement in performance. Feeding fem1ented liquid diets to 
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piglets had a negative effect on FCR compared with dry diets, whilst no difference was 
observed with non-fermented diets (Table 1.27). The increased daily gain and similar FCR 
for fermented liquid feed compared with non-fermented implies an increased feed 
consumption for weaner pigs fed the fennented diet (Table 1.27) (Jensen and Mikkelsen 
1998). The poor FCR of liquid diets has been attributed to increased feed wastage from 
poor trough design (Russell, Geary, Brooks and Campbell 1996). 
However, Lawlor and Lynch (1999) reported that even with an improved trough design, 
weaner pigs receiving a fermented or non-fermented liquid feed had a significantly poorer 
feed conversion ratio when compared with those fed a dry diet (Table 1.28). The diet 
contained an antibiotic, Tylosin (40mg kg. 1), which may have affected the fermentation 
and hence palatabilityofthe feed. 
Table 1.28 Effect of feeding dry feed, non-fennented liquid feed (NFLF), and a 
fennented liquid feed (FLF) on the performance of weaner pigs (Day 0-27), 
11 = 112 (Lawlor 1999). 
Treatment 
Dry NFLF FLF F-test 
Weight (kg) 
Initial 8.0 8.0 8.0 
Day 27 17.7 18.5 17.3 + 
Average daily feed intake 457b 582" 531'3 *** 
(g/day) 
Average daily gain (g/day) 361 389 347 ns 
FCR 1.27b 1.50" 1.53" *** 
'· Within rows, means with a common superscript are not statistically different (P>0.05) 
.. 
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The effect of feeding acidified diets on post-weaning performance was investigated by 
Geary et al. (1999). Liquid feed was acidified by one of two methods: the Control diet was 
acidified to approximately pH 4.0 with lactic acid and the second diet was acidified by 
fem1entation following inoculation with Pediococcus acidilactici. Acidification of the diet 
either with lactic acid or by fermentation with Pd. acidilactici resulted in similar pig 
performance (Table 1.29). Therefore, an economic advantage from fermenting the diet 
would be realised due, to the cost of inoculating the diet with Pd. acidilactici was less than 
£1.00 per ton of dry matter, whereas the cost of achieving the same pH reduction using 
lactic acid was approximately £150.00 f 1 dry matter (Geary et al. 1999). The inclusion of 
high levels of a racemic lactic acid (L+ and o·), up to I 0% of the dietary dry matter, has 
been demonstrated to have no negative effects on animal health and pe~formance (Everts et 
al. 1999). In fact, Everts et al. ( 1999) found that L + and D- lactic acid are both utilised as 
efficiently as wheat starch by the pig. 
Table 1.29 Performance of pigs fed liquid feed acidified with either lactic acid (control) 
or as a result of fermentation of the diet with Pediococcus acidilactici 
(Geary et al. 1999) 
Acidified by 
Parameter Addition of Fermentation with s.e.d 
lactic acid P. acidilactici 
Dry matter feed intake (g d" 1) 536 563 71 
Daily gain (g d" 1) 474 496 25 
Dry matter FCR 1.15 1.11 0.09 
Traditionally, the benefits for including food industry eo-products in liquid feeds has been 
cost driven, with the prices for materials low compared to conventional ingredients. 
Scholten et al. (1998) demonstrated the improvement in biological performance of grower-
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finisher pigs fed on a liquid diet containing a mixture of fermented eo-products, liquid 
wheat starch, potato steam peel and cheese whey (Table 1.30). These authors replaced 
0.35 and 0.55 of the dry matter content of the grower (25-45 kg liveweight) and finisher 
(45-113 kg liveweight) diets respectively, and compared with a Control diet consisting of a 
compound feed mixed with water. The diets were balanced for energy content and nutrient 
levels. Pigs fed the eo-product diet showed a significant improvement in average daily 
gain (768 vs 740 g d·', P < 0.05) and feed conversion ratio (2.58 vs 2.69, P < 0.05) 
compared with the Control diet. 
Table 1.30 Perfom1ance of growing-finishing pigs fed non-fermented liquid compound 
diet (control) or liquid diet with fennented eo-products liquid wheat starch, 
potato steam peel and cheese whey (Scholten et al. 1998). 
Control eo-products 
Number of pigs 296 
Initial weight (kg) 25.1 
Final weight (kg) 111.3 
Daily gain (g) 740 a 
Feed intake (kg da/) 1.99. 
Feed conversion ratio 2.69. 
a.b Data in a row with·a different letter differs significanlly (P < 0:05) 
1 Siandard enor of the mean (SAS) 
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296 
25.1 
113.4 
768 b 
1.98a 
2 .. 58 b 
SEMt 
4.7 
0.01 
0.02 
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1.4. 5 Influence of FLF on the ecophysiology of the pig gut 
To date, the majority of the work that has been conducted on the effects of feeding a 
fermented liquid feed on the gut ecophysiology of the pig has been by Dr B.B Jensen and 
Mrs. L.L. Mikkelsen at the Danish Institute of Agricultural Sciences, Foulum, Denmark 
(Mikkelsen and Jensen 1997; Jensen and Mikkelsen 1998). These authors' studies 
highlighted a number of advantages of feeding a fermented diet (FLF) over a non-
fermented diet (NFLF): 
The pH of the stomach of piglets fed FLF was significantly lower (3.67 ± 0.57) than in 
piglets fed NFLF ( 4.19 ± 0.23) 
The microbial activity in the stomach (0.50 vs 0:99mg ATP, P < 0.06) and small 
intestine (0.38 vs 1.08 mg ATP, P < 0.06) was significantly lower in pigs fed FLF 
compared to NFLF 
The concentration of lactic acid in the stomach and small intestine of pigs fed FLF was 
significantly higher (P < 0:05) in pigs fed FLF, most probably due to the lactic acid 
content in the fem1ented feed 
The yeast populations were significantly increased in all regions of the gastrointestinal 
tract (GIT) in pigs fed FLF 
The colifom1 populations were significantly reduced in all regions of the GIT in pigs 
fed FLF 
No differences were observed in the lactic acid bacteria populations in the GIT in pigs 
fed either a FLF or NFLF diet 
The proportions of acetate: propionate: butyrate produced in the colon by the 
microflora are shifted in favour of acetate production indicating changes in microbial 
populations and I or microbial metabolism due to changes in substrate. 
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To date, no studies have investigated the effect of fermented diets on the mucosal structure 
of the small intestine of pigs. Scholten et al. (1999) hypothesised that a fermented diet 
would have a trophic effect on villus height, due to evidence of a positive correlation 
between villus height and luminal concentrations of short-chain fatty acids, in particular, 
butyric acid. Mikkelsen and Jensen ( 1997) demonstrated a significant increase (P < 0.05) 
in the butyric acid concentration at 0.5 section along the small intestine ofweaner pig's fed 
a FLF diet compared with NFLF. Overall, the feeding of a fermented liquid diet has been 
demonstrated to favourably modify the pH, specific microbial populations and 
fermentation profiles of the gastrointestinal tract of the pig. 
1.5 Rationale of the study 
The weaning process is a traumatic period for the young pig. The stress associated with 
weaning results in a dra1i1atic reduction in feed intake, reduction in lactic acid bacteria and 
proliferation of coliform bacteria. Overall, the piglet may suffer severe diarrhoea and a 
growth Jag. This loss of growth potential has a serious economic cost to the pig industry. 
Until recently, the industry has dealt with the problem through the in-feed administration 
of growth-promoting antibiotics. Recent health food and nosocomial infection scares 
associated with multiple antibiotic resistant bacteria and a growing concern amongst 
consumers about the way that their food is produced, has resulted in the European Union 
banning the majority of non-prescribed anti microbials previously used. The industry has 
been caught unprepared for this sudden change in production practice. The extensive use 
of copper sulphate, zinc oxide and the remaining permitted antibiotic growth promoters are 
bridging the gap left after the ban, but their use may be curtailed in the near future. 
Therefore, alternatives to antibiotics are being sought. 
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There appears to be great promtse m feeding a liquid diet to the young piglet, with 
increased feed intake, improved average daily gain and feed conversion. Furthermore, the 
epidemiology surveys in The Netherlands and Denmark have linked liquid feeding with a 
dramatic reduction in salmonellae positive herds, particularly when acid whey is included 
in the diet. However, there is a large variation in the data regarding biological 
performance and in practice many farmers have tried unsuccessfully to feed liquid diets in 
the past. In particular, with recent production practices favouring ad libitum feeding 
systems, palatability appears to be a major problem with spoilage organisms proliferating 
in the residual feed in the tank, pipeline and trough. 
The deliberate fem1entation of the liquid feed by allowing the feed enough time and the 
correct conditions for the growth of lactic acid bacteria and concomitant reduction in pH 
has been promoted as a means of increasing the biosafety of the feed and manufacturing a 
reproducible feed. However, fermentation is not always successful and when it fails the 
feed becomes unpalatable through the growth of spoilage bacteria and fungi. Furthem1ore, 
a large quantity of energy can be lost from the feed through production and loss of C02. 
Therefore, to sustain voluntary feed intake, especially through the critical post-weaning 
period it is essential to maintain the palatability and wholesomeness of the feed. 
Therefore, the aim of this study was to increase the safety and palatability of liquid feed 
through fermentation. 
The objectives of this study were to: 
• investigate the potential for producing a biosafe feed through the use of lactic 
acid bacteria starter cultures 
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assess the survival of potential porcme pathogens m fem1ented liquid feed 
produced under different conditions 
• compare the effects in the perfom1ance of post-weaned pigs fed on liquid feed, 
or fermented liquid feed with pigs fed conventional dry pelleted feed 
investigate the effects of feed fom1 on the gastrointestinal ecophysiology of the 
post-weaned pig 
investigate means of maintaining I improving the palatability of fermented 
liquid feed. 
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Chapter 2 
Development of a lactic acid bacteria inoculant to control 
the fermentation of liquid feed. 
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2.1 Selection of a lactic acid bacteria inoculant for the 
fermentation of liquid feed 
2. 1. 1 Introduction 
Recent developments m liquid feeding equipment and feeding practice have moved 
towards ad libitum feeding systems supplied from a continuous fennentation tank. The 
production of a palatable liquid feed in an ad libitum system has been problematic for the 
weaner producer. The palatability of the feed is dependent on the rapid acidification 
process of fennentation inhibiting the growth of spoilage bacteria. The controlled 
fennentation of liquid feed has been suggested as a way of reproducibly producing a 
'biosafe' product that is both palatable and nutritious for the young pig (Jensen and 
Mikkelsen 1998; Geary et al. 1999). However, under natural conditions, fennentation of 
liquid feed is a process subject to many variables (ingredients, epiphytic microflora, in-
feed antimicrobials and temperature of production) that inevitably leads to a product of 
fluctuating quality. 
The use of specific cultures of lactic acid bacteria is standard in the production of many 
fem1ented foods and feeds (Lindgren and Dobrogosz 1990; Biickenhuskes 1993; Adams 
and Nicolaides 1997; No ut and Rombouts 2000). Furthennore, a number of studies have 
investigated the use of inoculants in liquid feeding systems with varying degrees of success 
(Section 1.4.4). Inoculants are used to ensure a more rapid drop in pH, a higher level of 
lactic acid and lactic acid bacteria and concomitant lower numbers of enterobacteria, 
clostridia and yeasts (Jensen and Mikkelsen 1998). 
Commercial practice involves the production of fennented liquid feed without direct 
addition of heat to the system. Therefore, the selection of an inoculum has to consider the 
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limitations of the equipment currently being used and the lack of temperature control. 
Experience of liquid feed fermentations at the University of Plymouth using cold water in 
non-temperature controlled buildings has resulted in feed temperatures between 20-25"C 
(Geary et a/.1996; Russell et at 1996; Geary et al. !999). In these studies, at worst the 
fermentation would' be initiated at the temperature of water from the tap and at best the 
fermentation would be conducted at ambient temperature, which varies with the time of 
year. At temperatures below 25°C, many epiphytic lactic acid bacteria do not grow or 
grow very slowly and therefore spoilage of the liquid feed frequently occurs. Discussions 
with producers and equipment manufacturers in the United Kingdom suggested that 
temperatures of between 20-25°C were achievable in commercial practice. The greatest 
potential for the farmer would come from the use of n'!esophilic starter cultures that can 
grow rapidly in FLF at 20°C and reduce the pH to below 4.0, thus ensuring biosafety. 
A number of lactic acid bacteria have been identified as potential candidates for use in 
liquid feed systems: Lactobacillus amylophilus, Lactobacillus cun1atus, Lactobacillus 
plantarum, Pediococcus pentosaceus and Pediococcus acidilactici. All cells are Gram-
positive and non-spore-forming, catalase negative, non-motile and facultatively anaerobic. 
Lactobacillus amylophilus 
Lactobacillus amylophilus was originally isolated from a swine waste corn fennentation 
(Nakamura and Crowell 1979). This bacterium is strictly homofermentative and produces 
exclusively L-(+) lactic acid as an end-metabolite (Hammes and Vogel 1995). The 
optimum growth temperature for Lb. amylophilus is reported to be 25-28"C, with a growth 
range of 5"C to 40"C (Nakamura and Crowell 1979). The optimum temperature for lactic 
acid production is reported to be between 25"C and 35"C with lactic acid production 
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greatly decreasing at 40°C (Yumoto and Ikeda 1995). Acid produced from glucose, 
galactose, fructose, mannose, maltose and starch (Nakamura and Crowell 1979). It is an 
amylolytic lactic acid bacterium producing extracellular enzymes which, allows it to grow 
and produce lactic acid in a medium containing starch as the sole carbon source (Pompeyo, 
Gomez, Gasparian and Morlon-Guyot 1993). The amylase produced by Lb. amylophilus 
exhibits optimum activity at a pH of between 5 and 6, stable to 40oC and exhibits greatest 
activity on soluble starch (Pompeyo et al. 1993). 
Lactobacillus cun1atus 
Lactobacillus cun1atus has been isolated from fermented meats, vacuum-packed meats and 
vegetative matter such as sauerkraut and silage (Hammes and Vogel 1995). As the name 
suggests, cells are curved bean shaped rods with rounded ends ~Hammes and Vogel 1995). 
Lb. cun1atus are facultative1y heterofermentative producing DL-lactic acid from glucose 
but under glucose limitation a range of end products are produced including lactic acid, 
acetic acid, ethanol and formic acid (De Vuyst and Vandamme 1994). Lb. curvatus are 
psychrophilic and most strains will grow at temperatures between 4°C and 42°C, with some 
strains growing at 2"C (Torriani, VanReenan, Klein, Reuter, Dellagio and Dicks 1996). 
This organism does not grow at 45°C. Its optimum temperature for growth is generally 
reported to be around 20-25°C and it tends to be dominant in fermentations that are carried 
out at 25°C and lower. It is considered to be generally less acid tolerant than a typical 
lactobacillus such as Lb. plantarum (Doyle, Beuchat and Montville 1997) although, growth 
of some strains has been observed at pH 3.9 (Schillinger and Lucke 1987). Lactobacillus 
curvatus ATCC 51436 produces a bacteriocin, curvacin A, which in vitro inhibits the 
growth of closely related lactobacilli and the opportunistic food pathogens Enterococcus 
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faeca/is and Listeria monocytogenes (Tichaczek, Vogel and Hammes 1993; Vogel, Pohle, 
Tichaczek and Hammes 1993). 
Lactobacillus p/antamm 
Lactobacillus plantarum has been associated with a wide range of food and feed 
fem1entations ~Lindgren and Dobrogosz 1990; Nout and Rombouts 2000). It is frequently 
included in commercial silage and liquid feed inoculum formulations. This bacterium is 
facultatively heterofermentative and produces DL-lactic acid as an end-metabolite from 
glucose metabolism (Hammes 1990). Growth of this bacterium is often poor at a pH above 
5 and in aerobic conditions and because of this, it is complemented with some other LAB 
species, typically Pediococcus spp. This organism has been found to produce bacteriocins 
active against other lactic acid bacteria and some Gram-positive spoilage bacteria (Atrih, 
Refhif, Milliere and Lefebvre 1993; Todorov, Onno, Sorokine, Chobert, Ivanova and 
Dousset 1999). Furthermore, a number of new antimicrobial compounds have been 
identified with activity against Gram-negative bacteria and antagonistic towards fungal 
growth (Niku-Paavola et al. 1999). 
Pediococcus acidilactici 
Pediococcus acidilactici have long been associated with fermented vegetative material, 
including silage and cereal mashes (Seale 1986; Lindgren and Dobrogosz 1990; No ut and 
Rombouts 2000). DL-1actic acid is produced from glucose, and growth occurs at pH 4.2 
with a final pH in MRS broth of between 3.5 and 3.8 (Simpson and Taguchi 1995). Some 
strains have been identi lied as bacteriocin producers (De Vuyst and Vandamme 1994; 
Elegado, Kim and Kwon 1997). 
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Pediococcus pentosaceus 
Pediococcus pentosaceus is associated with fermented vegetative material, dairy products 
and fermented meats (Doyle et al. 1997). They ferment glucose to DL-lactic acid and 
some strains can also produce diacetyl and acetoin from pyruvate (Simpson and Taguchi 
1995). Pd. pentosaceus has a higher capacity for rapid production of lactic acid compared 
to other strains of pediococci such as Pd. acidilactici (Simpson and Taguchi 1995). The 
pH growth range is pH 8.0 and pH 4.5, although the final pH in MRS broth is between 3.5 
and 3.8. Pd. pentosaceus is mesophilic and will grow up to 40"C with a temperature 
optimum of 28 to 32"C. This species is a producer of bacteriocins, known as pediocins, 
reported to inhibit some strains of lactic acid bacteria as well as Listeria, Bacillus, 
Staphylococcus, Micrococcus and Clostridium (Spelhaug and Harlander 1989; Skytta, 
Haikara and Mattila-Sandholm 1993; De Vuyst and Vandamme 1994). A 13.6 megadalton 
plasmid in Pediococcus pentosaceus ATCC 43200 is associated with the production of 
pediocin A (Daeschel and Klaenhammer 1985). 
The aim of this study was to select a lactic acid bacterial inoculant for the production of 
fem1ented liquid feed at 20"C. 
The main objectives of this study were: 
to.detem1ine whether selected cultures were homo- or hetero-fermenters 
to determine if selected cultures had the potential to produce metabolites inhibitory to 
the growth of each other when used in combination 
to determine the efficiency of selected LAB inoculants to grow and reduce the pH of 
sterile and non-sterile liquid feed. 
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2.1.2 Materials and Methods 
2.1.2.1 Microbial strains used in this study 
The potential candidate strains selected for fennentation of liquid feed at 20°C are shown 
in Table 2.1. All strains were maintained at -80°C in MRS broth containing 20% v/v 
glycerol. 
Table 2.1 Lactic acid bacteria strains used in this study. 
Strain 
Lactobacillus amylophi/us 
Lactobacillus brevis 
Lactobacillus cun1atus 
Lactobacillus plantarum 
Lactobacillus plantarum 
Lactobacillus plantarum 
Pediococcus acidilactici 
Pediococcus pentosaceus 
Pediococcus pentosaceus 
Source 
ATCC 49845 
LB I, (Cathal Connolly, Alltech Inc., 
Nicholasville, KY, USA) 
ATCC 5·1436 
ATCC 8014 
UK-D5, (Dr. K. Dawson, University of 
Kentucky, Lexington, KY, USA) 
PC-81-11-06, (Bill Lamm, Alltech Inc., 
Nicholasville, KY, USA) 
PA, (Bill Lamm, Alltech Inc., 
Nicholasville, KY, USA) 
ATCC 43200 
Pp-SS, (Bill Lamm, Alltech Inc., 
Nicholasville, KY, USA) 
2.1.2.2 Growth, acid and gas production of selected strains at 20°C 
Colonies were tested for acid and gas production from glucose by inoculating I 0 ml of a 
modified glucose-MRS (containing no citrate or meat extract; and addition of 10 ml 1" 1 
95 
Chapter 2 Development of LAB inocula m 
chlorophenol red (0.4% solution)) broth in test tubes containing inverted Durham tubes and 
incubating at 20°C and 30°C (Schillinger et al. 1987; MUller 1990). Tubes were examined 
after 24 h and 48 h. Gas production was considered as an indication of heterofermentative 
metabolism. A colour change (chlorophenol red indicator) from red to yellow indicated 
acid production and turbidity indicated growth of the culture. Lb. brevis was used as a 
positive control for gas and acid production. 
2.1.2.3 Fermentation of feed 
Experimental design 
The experiment was allocated to a 3-factor factorial design with I 0 microbial inoculant 
treatments, 2 dietary treatnients and 5 sampling times. Each combination of variables was 
replicated three times. 
Microbial inoculant treatments 
One replicate consisted of one individual jar of liquid feed inoculated with one of the 
followirig microbial treatments: 
Treatment Strain 
Control (no inoculant) 
2 Lb. plantarum (A TCC 80 14) 
3 Lb. plantarum (PC-81-11-06) 
4 Lb. plantarum (05) 
5 Pd. pe11tosaceus (A TCC 43200) 
6 Pd. pentosaceus (SS) 
7 Lb. curvatus (ATCC 51436) 
8 Lb. plantarum (PC-81-11-06) +Pd. pentosaceus (SS) 
Code 
Control 
LP(8014) 
LP (PC) 
LP (D5) 
pp (43200) 
PP (SS) 
LC (51436) 
9 Lb. plantarum (PC-81-11-06) +Lb. curvatus (ATCC 51436) 
10 Lb. plantarum (PC-81-11-06) +Pd. pentosaceus (SS) +Lb. Clll1'atus (A TCC 
51436) 
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Dietary treatments 
The two dietary treatments were irradiated and non-irradiated feed. 
Sampling times 
The five sampling times were 0, 24, 48, 72 and 96 hours. 
Feed and feed preparation 
The individual ingredients and formulation of a modified research diet for weaner pigs 
were obta.ined from the University of Kentucky's Coldstream Farm's mill (David 
Higginbotham, 1998, University of Kentucky, Lexington, KY, USA, pers comms. ). The 
diet contained no medicinal or growth promoting antimicrobials. The composition of the 
diet used is given in Table 2.2. Individual feed and supplement components were mixed 
for approximately 30 minutes with the corn oil added slowly to allow complete integration. 
The feed was sifted by (gloved) hand to break up all lumps and the feed was mixed again 
for a further I 0 minutes to ensure an even distribution of ingredients. The mixed feed was 
divided into two with half further divided into 200g aliquots and placed in sealed bags for 
irradiation. The other half of the feed was left untreated for fermentation. The feed was 
sterilised by irradiation at 25 kGy with a Cobalt60 source (22.5 - 28.4 kGy) (Sterigenics 
International Ltd., Ohio, USA). 
Sterility testing 
Feed was tested for sterility by enriching I Og of feed in 90ml of each of the following: 
nutrient broth, glucose broth and MRS broth for 72 hours. An outline of the testing 
procedure for establishing the sterility of irradiated feed is given in Figure 2.1. Due to the 
nature of the feed in broth-feed mixture it was difficult to visually estimate if microbial 
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Table 2.2 Composition of the experimental diet 
Ingredient 
Corn 
Soyabean meal (48%) 
Dried whey 
Corn oil 
Dicalcium phosphate 
Limestone, ground 
Salt, iodized 
Vitamin mix 
Trace mineral mix 
Proximate analysis 
Protein 
Lysine 
Calcium 
Phosphorus 
Metabolic energy, MJ I kg 
Vitamin mix 
Vitamin A (i.u.) 
Vitamin D3 (i.c.u.) 
Vitamin E (i.u.) 
Vitamin K (mg) 
Riboflavin (mg) 
cl-Pantothenic acid (mg) 
Niacin (mg) 
Vitamin 812 (f,lg) 
d-Biotin (f.lg) 
Folic acid (f,lg) 
Trace mineral mix 
Iron (ppm) 
Zinc (ppm) 
Manganese (ppm) 
Copper (ppm) 
iodine (ppm) 
Selenium (ppm) 
Cobalt (ppm) 
1 unless where stated differently. 
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462 
290 
200 
20 
16 
6.2 
3.5 
1.0 
0.8 
206 
12 
8.5 
7.5 
13.8 
3,300 
440 
11 
3.2 
4.4 
11 
22 
11 
110 
550 
198 
198 
66 
19.25 
2.20 
0.44 
0.33 
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growth was present. Therefore, I ml samples were removed daily and pour-plated in Plate 
Count agar and MRS agar; and lOOf.ll samples were spread plated on MacConkey agar and 
Rose-Bengal Chloramphenicol agar. Plates were incubated at the required temperature for 
enumeration of organisms selected by media (Figure 2.1). The pH of the broth-feed 
mixture was measured daily (Hannah Checker, Hannah Instruments Ltd., Leighton 
Buzzard, Bedfordshire, UK) in the broth as an indicator of microbial growth. 
Figure 2.1 Flow diagram illustrating the sterility testing of irradiated feed 
Feed 
I 
Nutrient broth (90 ml) Glucose broth (90 ml) MRS broth (90 ml) 
30oC 25oC 37oC 
24, 48 and 72 hours 24, 46 and 72 hours 24. 46 and 72 hours 
j I 
Plate Count agar MacConkey agar Rose Bengal Chlofemphenlcol MRS agar 
30oC, 3 days 37oC, 24 hours 25oC, 5 days 37oC, 46 hours 
Aerobic Aerobic Aerobic Anaerobic jar 
Feed fermentations 
Liquid feed fermentations were prepared by mixing 200g of sterile feed with 500ml of 
sterile deionised water (20°C) ( 1 : 2.5 w/w ratio) in sterile 1 litre Nalgene jars (Nalgene, 
Milton Keynes, England). All fermentation studies were carried out in triplicate. Feed was 
inoculated with approximately 0. 7ml of an overnight culture (MRS broth, 30°C, ~ 9 log10 
cfu ml-1) of the individual or mixture of inoculant(s) according to the experimental design 
to give a final concentration of 6 log10 cfu ml-1 liquid feed. Control fermentations did not 
contain an inoculant. Feed was steeped for 96 hours at 20°C and 1 Oml samples were 
aseptically removed every 24 hours for enumeration of the lactic acid bacteria and 
measurement of pH. Samples of liquid feed were serially diluted in Maximum Recovery 
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Diluent (MRD) (1 ml sample: 9 ml MRD). Lactic acid bacteria were enumerated in 
double-layered MRS agar and incubated for 3 days at 30°C. 
2.1.2.4 Data analysis 
Bacterial counts were log transformed to fit a normal distribution prior to analysis. Data 
.. 
were analysed by a three factor general linear model-analysis of variance (GLM-ANOV A). 
Significant differences (P < 0,05) between the treatment means were compared by ~ukey's 
test (Zar 1999). All statistical analyses were undertaken using Minitab v. 12.1 (Minitab 
lnc. Pennsylvania, USA, 1998). 
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2.1.3 Results 
Growth, acid and gas production of selected strains at 20°C 
The results of the growth, acid and gas production of the selected strains are shown in 
Table 2.3. The control, Lb. brevis, showed good growth and was positive for acid and gas 
production. Lb. amylophilus did not show any growth over the 48 h test period. Pd. 
acidilactici showed poor growth and weak acid production after 48 h. Neither Lb. 
amylophilus nor Pd. acidilactici were further used in this study. All other strains tested, 
demonstrated good growth at 20"C, reduced the pH of the medium and did not produce any 
gas. 
Table 2.3 Growth characteristics of selected strains (11 = 3) at 20"C after 24h and 
(48h). 
Strain Growth a Acidity b Gas 
Lactobacillus amylophilus (ATCC 49845) 
Lactobaci /Ius brevis (LB I) +++ + + 
Lactobacillus curvatus (A TCC 51436) +++ + 
Lactobacillus plantarum (A TCC 8014) +++ + 
Lactobacillus plantarum (PC-81-11-06) +++ + 
Lactobacillus plantarum (UK-D5) +++ + 
Pediococcus acidilactici (PA) (+) (+) 
Pediococcus pentosaceus (ATCC 43200) +++ + 
Pediococcus pentosaceus (Pp-SS) +++ + 
a +++ good growth, + poor growth, (+) poor growth after 48 h. b + strong acid reaction, (+) weak acid 
reaction after 48 h. 
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Fermentation of feed 
J:he results of the factorial analysis of the effect of microbial inoculant, irradiation 
treatment of feed and duration of steeping on the growth of lactic acid bacteria populations 
and concomitant changes in pH in the liquid feed fermentations are presented in Table 2.4 
a-c. 
Microbial counts 
The data in Table 2.4 show that inclusion of a microbial inoculant, duration of steeping and 
whether the feed had or had not been irradiated, all significantly affected the lactic acid 
bacteria population in liquid feed. The inclusion of all inoculants in this study had the 
effect of increasing the overall lactic acid bacteria population in the liquid feed (Table 
2.4a). This was particularly important during the first 48 h of steeping, after which time 
the Control epiphytic microtlora had become established (Figure 2.2b). The LP (05) 
treatment had a significantly lower lactic acid bacteria population than the other 
fermentations inoculated with a starter culture (Table 2.4a). This low overall count for LP 
(DS) could be related to the poor growth over the initial 24h in both the irradiated feed (IF) 
and non-irradiated (NIF) fermentations (Figure 2.2). The main effect of fermentation time 
was to increase the lactic acid bacteria populations over the first 48h and maintain a steady 
state thereafter (Table 2.4b and Figure 2.2). The main effect of using irradiating feed was 
to decrease the total lactic acid bacteria (Table 2.4c), although this was partly influenced 
by the Control IF as no counts were present over the 96h steeping period (Figure 2.2a). 
pH values 
Inclusion of a microbial inoculant, duration of steeping and whether the feed had or had 
not been irradiated, all significantly affected the pH of liquid feed (Table 2.4). The main 
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effect of including a starter culture was to dramatically reduce the pH of the liquid feed 
(Table 2.4a). The fermentations inoculated with LP (PC) or the combined inoculants {LP 
(PC)+ PP (SS); LP (PC)+ LC (51436); LP (PC)+ PP (SS)+ LC (51436)} had the lowest 
overall pH values (Table 2.4a). 
The main effect of duration of steeping was a reduction the pH of the liquid feed from pH 
5.8 (sce.d = 0:007) at time =Oh to pH 4.0 (s.e.d = 0.007) at 96h (Table 2.4b). After 24h 
steeping, the combined inoculant treatments {LP (PC)+ PP (SS); LP (PC)+ LC (51436); 
LP (PC) + PP (SS) + LC (51436)} had the lowest pH values in both the IF and NIF 
fermentations (Figure 2.3), In the irradiated feed, the individual strains PP (43200), PP 
(SS) and LC (52436) had lower pH values, 4.7, 4.6 and 4.7 (s.e.d = 0.01), compared to the 
Lb. plantarum strains, LP (8014), LP (PC) and LP (D5), 5.5, 5.0 and 5.2 (s.e.d = 0:01) 
respectively, after 24h (Figure 2.3a). 
After the initial 24h steeping period, the pH of NIF fem1entations containing the microbial 
inoculants LP (80 14) and LP (PC) were significantly (P < 0.00 I) lower; pH 4.6 and 4.6 
(s.e.d = 0:007) than the IF fermenlations, pH 5.5 and 5.0 respectively (Figure 2.3a). In the 
IF fermentations, the Lb. plantarum strains {LP (8014), LP (PC) and LP (D5)} had the 
lowest (P < 0.05) pH values, all pH 3.7 (s.e.d = 0.03), at the end of the 96h steeping period 
compared to the NIF, 3.8, 3.8 and 3.9 (s.e,d = 0.03) respectively (Figure 2.3). However, 
the fermentations containing the non-irradiated feed had a significantly lower pH than 
those based on irradiated feed, 4.5 and 4,6 (s,e.d = 0.005) respectively (Table 2.4c). 
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Table 2.4 Factorial analysis of adjusted means of lactic acid bacteria counts (log 10 cfu 
ml" 1) and pH values in liquid feed, with and without prior irradiation 
treatment, fermented using a range of microbial inoculant treatments at 
a) 
b) 
c) 
20"C. 
Main effect: Microbial treatment 
Strain 
Control 
LP (8014) 
LP (PC) 
LP (05) 
pp (43200) 
PP (SS) 
LC(51436) 
LP (PC) + PP (SS) 
LP (PC)+ LC (5 I 436) 
LP (PC)+ PP (SS)+ LC (51436) 
s.e.d = 0:03 s,e.d = 0.011 
Main effect: Sampling time 
Time 
0 
24 
48 
72 
96 
s.e.d = 0.021 s.e.d = 0.007 
Main effect: Feed treatment 
Feed 
Irradiated 
Noncirradiated 
s.e.d = 0.013 - s.e.d = 0,005 
Count 1 
5.45a 
8,62 b 
8.68 be 
8.41 d 
8.57 b 
8.52 b 
8.6 I be 
8.65 e 
8.65 e 
8.57 be 
Count 1 
5,98 
8.31 
9.01 a 
9.10 
8.97 a 
Count 1 
8.0 I a 
8.53b 
5.3 a 
4.5 b 
4.4 e 
4.6 de 
4.5 bd 
4.5 b 
4.6 e 
4.4 e 
4.4 e 
4.4 e 
5.8 
4.8 
4.2 
4.1 
4.0 
4.6 a 
4.5 b 
a.b.e.d.e Within columns,,means with a common superscript are not statistically different (P > 0.05) 
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Figure 2.2 Growth curves of lactic acid bacteria in liquid feed over a 96h steeping 
period, using irradiated and non-irradiated. 
a) irradiated feed 
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b) non-irradiated feed 
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-+- Cortrof -e-- LP (8014) -.- LP (PC) -+- LP(D5) --pp (43200) 
--PP(SS) -+- LC (51436) - CorrtJo1 Corrbo2 -+-CorrtJo3 
Control- No inoculant; LP (8014)- Lb. plantarum (ATCC 8014); LP (PC)- Lb. p/antarum (PC-81- 11 -06); 
LP (05)- Lb. plantarum (05); PP (43200)- Pd. pentosaceus (ATCC 43200); PP (SS) - Pd. pentosaceus (Pp 
SS); LC (51436) - Lb. curvatus (ATCC 5 1436); Combo 1- LP (PC) + PP (SS); Combo 2- LP (PC) + LC 
(51436); Combo 3- LP (PC) + PP (SS) + LC (51436). 
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Figure 2.3 Influence of different microbial inoculants on the pH of liquid feed over 96h 
steeping period, prepared from feed that had or had not been irradiated. 
a) irradiated feed 
J: 
a. 
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b) non-irradiated feed 
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a. 
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-+-conlrol -e- LP {6014) --+-- LP {PC) ....... LP {05) ........ PP {43200) 
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Control- No inoculant; LP (8014)- Lb. plantamm (ATCC 8014); LP (PC)- Lb. plantan~m (PC-81 -11-06); 
LP (05)- Lb. plantan~m (D5); PP (43200)- Pd. pentosaceus (ATCC 43200); PP (SS)- Pd. pentosaceus (Pp 
SS); LC (51436)- Lb. curvatus (ATCC 51436); Combo I -LP (PC) + PP (SS); Combo 2- LP (PC) + LC 
(51436); Combo 3- LP (PC) + PP (SS) + LC (51436). 
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2. 1.4 Discussion 
Lb. amylophilus and Pd. acidilactici did not grow or reduce the pH of the media rapidly 
within the 48 h test period and were therefore excluded from the fermentation studies. The 
other potential inoculant strains, Lb. curvatus (ATCC 51436), Lb. pfantarum (ATCC 8014, 
PC, and D5) and Pd. pentosaceus (A TCC 43200 and Pp-SS), showed good growth in the 
media and reduced the pH as indicated by the colour change from red to yellow. None of 
the strains produced gas from glucose indicating that they ferment glucose by the 
homofem1entation pathway at 20°C. 
The purpose of including an inoculant in the liquid feed was to obtain rapid growth of 
lactic acid bacteria and a concomitant reduction in pH. A reduction in pH of the liquid 
feed to approximately 4.0 inhibits potential spoilage or pathogenic bacteria. In this study, 
the inclusion of an inoculant, either an individual strain or combination of strains, had a 
significant effect on the fermentation characteristics of liquid feed. In general, inclusion of 
the inoculant resulted in a higher lactic acid bacteria count and lower pH afler 24h 
steeping. ~he inclusion of the Lb. pfantarum strains resulted in the lowest final pH. The 
acid production of the Lb. plantarum strains LP (8014) and LP (PC) appeared to be 
stimulated in the NIF, possibly by the growth of the epiphytic microflora. It is unlikely 
that the pH reduction is primarily due to the epiphytic microflora alone as the Control 
fermentation had a pH of 5.5 at the 24h sampling point compared to pH 4.6 for both the 
fermentations containing the Lb. pfantanmz strains. The same effect was not observed for 
the Lb. plantarum (D5) strain. 
Jensen and Mikkelsen ( 1998) selected a number of inoculants on their capacity to grow at 
low temperatures ( 15-20°C). It is difficult to make comparisons with this study as they 
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conducted their fermentations under very different physiological conditions, for example, 
in stirred bioreactors and under a fed-batch fermentation (backslop with 0.5 residual every 
8h) protocol. The authors found that the initial pH reduction was most pronounced in the 
liquid feed with added Lb. alimentarius, but only for the first 24h. After this time, the 
inoculant appeared to be inhibited by the growth of the epiphytic microflora. In this 
present study, although carried out under short time I batch fermentation conditions, results 
appear to favour the addition of a starter culture to achieve a lower final pH in the liquid 
feed. 
The results of this study indicate that when feed is fermented at 20°C there would be a 
benefit in using an inoculum. The pH is reduced more quickly in an inoculated than an 
uninoculated liquid feed and this would assist in producing a biosafe feed. 
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2.2 Influence of in-feed antibiotics and growth promoters on the 
growth rate of a Lactobacillus plantarum starter culture 
used in the preparation of fermented liquid feed (FLF). 
2.2.1 Introduction 
Annually in the United Kingdom, approximately 60,000 tonnes of first stage weaner pig 
feed is produced. This is fed for the first two weeks post-weaning. Discussions with feed 
company personnel suggest the following use of antimicrobials in post-weaning diets 
(Mick Hazzeldine, Premier Nutrition Products Ltd. UK, 2000, pers comms.). Of the total 
tonnage produced, 60-70% includes zinc oxide and approximately 80% contains a 
therapeutic (prescription only medicine) antibiotic, with Cyfac HS (Aureomycin 
chlortetracycline hydrochloride, sulphadimidine and procaine penicillin; Cyanamid GB, 
Hants, UK) the most commonly prescribed. In addition, approximately 90% of tonnage 
contains a growth"promoting antibiotic, with Maxus (Avilamycin; Elanco Animal Health, 
Hants, UK) being the most popular. All first stage weaner diets contain 175 mg tonne- 1 
copper (usually added as copper sulphate). 
Many of the in-feed anti microbials included in swine diets have a broadcspectrum activity 
or a specific activity against Gram-positive bacteria (Pond and Maner 1984). The addition 
of these antimicrobials to liquid feed may adversely affect the growth of lactic acid 
bacteria (Gram-positive bacteria). Inhibition of the starter cultures and failure to lower pH 
could lead to the growth of spoilage and pathogenic microorganisms. Furthermore, a 
malfermentation may produce a feed that is unpalatable resulting in feed refusal. 
Therefore, it is important for the producer to understand which antimicrobials can be used 
in conjunction with the starter culture and hence, ensure optimum performance of the 
fem1entation. 
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The susceptibility of Lactobacillus spp. to antibiotics has received little attention (Bayer, 
Chow, Concepcion and Guze 1978; Charteris, Kelly, Morelli and Collins 1998). This 
reflects .their GRAS status as non-pathogenic, commensal bacteria that have been 
traditionally used as inoculants in the human food industry and as health promoters 
(Donohue, Salminen and Marteau 1998). For many years the dairy industry has been 
aware of the problems associated with the presence of residual antibiotics in milk for the 
production of fennented cheese, fennented milk and yoghurt. Mayra-Makinen and Bigret 
( 1998) summarised the effects of low levels of antibiotics in cheese production. These 
included the development of off-flavours, uneven texture, uneven eye fonnation and 
tendency to butyric acid fennentation. Furthennore, in fennented milk products the effects 
of antibiotics are seen in slow or inhibited acid fonnation and also a decrease of aroma 
fonnation. 
Infonnation on the sensitivity of Lactobacillus spp. to antibiotic growth promoters in liquid 
feeding systems is limited. Sandvik (1992) examined the effect of addition of zinc 
bacitracin in liquid feeding systems. The author observed no statistical differences in pH 
development, total aerobic counts, lactic acid bacteria, colifonns, yeast and moulds 
between feeds with or without zinc bacitracin (IS ppm). Furthennore, when liquid feeds 
were challenged with Clostridium perfringens and Salmonella typhimurium, the inclusion 
of zinc bacitracin (IS ppm) did not result in a positive selection for the establishment of the 
pathogenic species. 
The mm1mum inhibitory concentration of growth promoting antibiotics against 
Lactobacillus strains isolated from pigs, cattle and poultry has been studied (Dutta and 
Devriese 1981) (Table 2.S). The very broad distribution of MIC values for the different 
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lactobacilli isolates demonstrates the heterogeneity of antimicrobial resistance follnd in 
farm animals. The percentage of resistant lactobacilli strains (%) isolated from pigs was 
avoparcin (66), bacitracin (0), flavomycin (20), lincomycin (70+), macrolides 
{oleandomycin, spiramycin, and tylosin} (70) and virginiamycin (35). None of the strains 
were inhibited by concentrations of copper sulphate lower than 256 11g I ml in the media. 
Table 2.5 Variability In the minimum inhibitory concentrations, expressed as 
percentage, of antibacterial agents for Lactobacillus strains (n = 113) of 
animal origin (pig, cattle, poultry) (Dutta and Devriese 1981 ). 
Percentages of strains with MIC (f.lg/ml except bacitracin U/ml) 
Antibacterial agent < 0.25 0.5 2 4 8 16 32 64 128 256 512 
Avoparcin 2* 13* 5* 19 6lb 
Bacitracin 35' 18' I 0' 18' 6 2 5 3 3b 
Carbadox 5 21 29 19 20 2 4 
Copper sulphate 2 98 
Flavomycin 13 16 21 24 5 3 8 5 5b 
Lincomycin 18 4 6 8 8 3 53b 
Nitrovin 2 3 24 19 18 16 11 3 4b 
Oleandomycin 39 8 12 4lb 
Spiramycin 13 26 8 2 10 4lb 
Tylosin 31 16 8 4 4lb 
Virginiamycin 13 30 37 6 4 3 3 3b 
' Lactobacillus acidophilus strains 
b Equal to:or greater than 
'figures include Lactobacillus brevis strains. 
In a recent study, 46 strains of potentially probiotic Lactobacillus strains from human and 
dairy origin were assayed, by disc-diffusion assay, for susceptibility to 44 antibiotics 
{Charteris et al. 1998). All strains were resistant to a group of 14 antibiotics, which 
included inhibitors of cell wall synthesis (cefoxitin [30 11g] and aztreonam [30 11g]), protein 
synthesis (amikacin [30 ~tg], gentimicin [10 11g], kanamycin [30 11g], and streptomycin [I 0 
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~-tg], nucleic acid synthesis (norfloxacin [ lO 11g], sulpharnethoxazole [I 00 11g], 
trimethoprim [5 11g], co-trimoxazole [25 11g], and metronidiazole [5 11g]), and cytoplasmic 
membrane function (polymyxin B [300 ~-tg] and colistin sulphate [I 0 11g]). All strains were 
sensitive to tetracycline (30 j.tg), chloramphenicol (30 11g), and rifampicin (5 11g). Almost 
all strains were resistant to vancomycin (except Lb. delbreukii subsp. bulgaricus) and 
fusidic acid (except Lb. reuteri I fermentum). Four human strains and one dairy strain 
exhibited atypical resistance to a penicillin, bacitracin (1 0 11g), and/or nitrofurantoin (300 
11g). Only Lb. casei (UNF Le) was resistant to erythromycin (15 11g) and clindan1ycin 
(2~-tg). Their study concluded that the antibiotic susceptibilities of these lactobacilli were 
strain dependent and also putatively dependent on prior exposure to the antibiotic. 
Marounek and Rada (1995) tested the susceptibility of four poultry lactobacillus strains to 
monensin, narasin, lasalocid, salinomycin and maduramicin in MRS broth and in liquid 
feed (I part cereal feed to two parts water). In the MRS broth with glucose, the growth of 
lactobacilli was inhibited at antibiotic concentrations as low as 0.4 - 5.0 ~-tg/ml. But in the 
liquid feed, antibiotics at a concentration of I 00 ~-tg/ml did not affect the growth of the 
Lactobacillus strains. The study demonstrated the importance of conducting inhibitory 
tests in feed rather than in model microbiological media systems. 
The aim of the study reported here was to investigate the influence of in-feed 
antimicrobials and growth promoters on the efficiency of a starter culture used for the 
preparation of fermented liquid feed (FLF). The objective of this study was to investigate 
the effect of a number of commonly used antimicrobial compounds on the growth of the 
starter culture, Lactobacillus plantarum, and it's ability to reduce the pH in liquid pig feed. 
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2.2.2 Materials and Methods 
A weaner pig diet (growing pigs up to 16 weeks of age) was formulated to provide 220 g 
protein, 79 g oil, 25 g fibre and 65 g ash per kilogram ~Paul Top lis, 1997, pers comms.). 
Feed did not contain any growth promoting antimicrobials or minerals. Feed was sterilised 
by irradiation at 25 kGy (23.9 - 30.1 kGy) from a Cobalt60 source (Becton & Dickenson, 
Plymouth, England) and tested for sterility as in Section 2.1. 
Antimicrobials and growth promoters used in this study were obtained from their 
respective manufacturers or distributors (Table 2.6). All microbiological media were 
obtained from Oxoid (England). 
Feed ferment at ions 
Liquid feed fennentations were prepared by mixing 200g of sterile feed with 500ml of 
sterile deionised water {30°C) (I : 2.5 w/w ratio) in sterile I litre Nalgene jars (Nalgene, 
Milton Keynes, England). The antimicrobial I growth promoter to be tested was added to 
the liquid feed mixture at the concentration recommended by the manufacturer (Table 2.7). 
Control fermentations did not contain an antimicrobial growth promoter. All fermentation 
studies were carried out in triplicate. Feed was inoculated with approximately 7ml of an 
ovemight culture (MRS broth, 30°C,- 9 log 10 cfu ml" 1) of Lactobacillus plantamm (PC-
81-II-06, Alltech Inc., Kentucky, USA), adjusted by estimating population size by 
spectrophotometer (SP6-450 UV NIS Spectrophotometer, Pye Unicam, Cambridge, 
England) to give a final concentration of 7 log 10 cfu ml" 1 liquid feed, Feed was steeped for 
96 hours at 30°C and I Oml samples were aseptically removed every 24 hours for 
enumeration of the Lb. plantarum and measurement of pH. Appropriate dilutions were 
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Table 2.6 Antibiotics and growth promoters used in this study. 
Generic name Active substance Manufacturer 
Albae 150 Zinc bacitracin Alpharma, Oslo; 
Norway 
Aureosup 100 Aureomycin chlortetracyline Cyanamid GB, Hants, 
hydrochloride UK 
Cyfac HS Aureomycin chlortetracycline Cyanamid GB, Hants, 
hydrochloride, sulphadimidine and UK 
procaine penicillin 
Lincospectin Lincomycin hydrochloride and Pharmacia and Upjohn 
spectinomycin sulphate Ltd., West Sussex, UK 
Maxus G200 Avilamycin Elanco Animal Health, 
Hants, UK 
Salocin 120 Salinomycin-sodium Hoescht UK Ltd., 
Bucks, UK 
Eskalin 500 Virginiamycin SmithKline Ltd., 
Herts., UK 
Terramycin I 0% Oxytetracycline hydrochloride Pfizer Ltd., 
Kent, UK 
Tiamutin Tiamulin hydrogen fumerate Leo Laboratories Ltd., 
Bucks, UK 
Tylamix Tylosin phosphate Elanco Animal Health, 
Hants, UK 
Uniprim 150 Sulphadiazine and trimethoprim Cheminex Ltd., 
Northants; UK 
Copper sulphate Copper UKAST A Ltd., 
London, UK 
Bioplex copper Copper Alltech Inc, Kentucky, 
USA 
Zinc oxide Zinc UKAST A Ltd., 
London, UK 
Bioplex zinc Zinc Alltech Inc, Kentucky, 
USA 
114 
Chapter 2 Development of LAB inoculant 
Table 2.7 Inclusion rates of antibiotics and growth promoters to liquid feed 
Antimicrobial I Inclusion rate * 
Growth promoter kg I tonne g I 200g 
Albae !S01 0.3S 
Aureosup I 00 3.00 
Cyfac HS 2.2S 
Eskalin S001 0.10 
Lincospectin 2.00 
Maxus G2001 0.20 
Salocin 120 O.SO 
Terramycin 10%1 3.SO 
Tiamutin 2.00 
Tylamix1 0.40 
Uniprim 1SO 3.00 
Copper sulphate1 0.6S 
Bioplex copper 0.06 
Zinc oxide1 0.19 
Biop1ex zinc O.IS 
• EU pem1itted concentration or where appropriate manufacturer's recommended levels 
1 The growth.promoting concentration was used 
11S 
0.07 
0.60 
0.4S 
0.02 
0.40 
0.04 
0.10 
0.70 
0.40 
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0.01 
0.04 
0.03 
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plated using the pour-plate technique in MRS agar and incubated at 30°C in an anaerobic 
jar. The number of lactobacilli was expressed as the log 10 per ml of liquid feed. 
Statistical analysis 
Bacterial counts were log transformed to fit a normal distribution prior to analysis by a 
univariate general linear model-analysis of variance (GLM-ANOVA). Significant 
differences (P < 0.05) between the treatment means and the Control were compared by 
Dunnett's test (Zar 1999). All statistical analyses were undertaken using Mini tab v. I 0.2 
(Minitab Inc. Pennsylvania, USA, 1994). 
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2.2.3 Results 
Irradiated feed 
No bacteria or yeast could be detected from the non-selective and semi-selective media, 
even after enrichment for 72 h. The irradiated feed was considered to be sterile. 
Effect of antimicrobials and growth promoters on Lb. plantarum in FLF 
In the Control fermentation, Lb. plantarum grew rapidly in the first 24 h from 7.0 to 9.8 
log 10 cfu mr 1 liquid feed (Table 2.8). The rapid growth of Lb. plantarum resulted in a 
concomitant reduction in the pH of the liquid feed from pH 6.0 to 4.0 after 24 h steeping 
(Figure 2.5). 
The addition of the following growth promoters and antibiotics did not appear to have an 
effect on the growth curve of Lb. plantarum: Albae 150, Aureosup I 00, Maxus G200, 
Salocin 120, Uniprim 150, copper sulphate, Bioplex copper, zinc oxide and Bioplex zinc 
(Table 2.8). Interestingly, both Aureosup I 00 and Uniprini !50 had a significant (P < 
0.05) influence on the acid production of Lb. plantarum, as reflected after 24 h steeping in 
the high pH values compared with the Control, pH 5.1, 4.4 and 4.0 respectively (Figure 
2.5). The fermentations containing Uniprim !50 and Aureosup I 00 required a further 24h 
and 72 h respectively to reach pH 4.0. 
The addition of Lincospectin and Tiamutin to the liquid feed fermentations resulted in a 
lower Lb. plantarum count compared to the Control after 24 h steeping, 9.36, 9.21 and 9.79 
log10 cfu mr1 LF respectively (Table 2.8). The lower Lb. plall/arum count in the 
fermentations containing Lincospectin resulted in a slight increase in pH over the Control, 
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Table 2.8 Lb. plantarum counts from ferrnentations (n=3) with and without 
antimicrobial growth promoters after different steeping times (0, 24, 48, 72 
and 96 hours). 
Lb. plantarum counts (log1o cfu ml" 1) 
Treatment Ohr 24 hr 48 hr 72 hr 96 hr 
Control 7.00 9.79 9.68 9.04 8.45 
Albae 150 7.00 9.84 9.42 9.48a 8.54 
Aureosup I 00 7.00 9.85 9.41 9.06 8.26 
Cyfac HS 7.00 5.82 a 4.56 a 5.35a 2.40a 
Eskalin 500 7.00 7.08 a 6.17 a 5.85 a 4.32 a 
Lincospectin 7.00 9.36a 9.58 9.39 8.54 
Maxus G200 7.00 9.85 9.16 a 9.07 8.17 
Salocin 120 7.00 9.49 9.63 9.62 a 8.54 
Terramycin I 0% 7,00 7.01 a 5.85 a 6.68 a 9.52 a 
Tiamutin 7.00 9.21 a 9.23 a 9.11 9.12 a 
Tylamix 7.00 7.29 a 7.91 a 9.69a 9.76 a 
Uniprim 150 7.00 9.71 9.64 9.13 8.50 
Copper sulphate 7.00 9.84 9.79 9.34 8.50 
Bioplex copper 7.00 9.79 9.78 9.38 8.37 
Zinc oxide 7.00 9.79 9.82 9.30 8.27 
Bioplex zinc 7.00 9.61 9.80 9.47 8.44 
s.e.d = 0.04 
'Means are significantly different (P < 0.05) from the control (Dunnett's test) 
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Mean pH data from fermentations (n = 3) with and without antimicrobial growth promoters over the steeping period (0, 24, 48, 72 
and 96 hours). 
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pH 4.2 compared to pH 4.0. The addition of Tiamutin did not have an effect on pH 
reduction by Lb. plalltarum in the liquid feed. 
In contrast, the addition of Cyfac HS, Eskalin 500, Terramycin 10% and Tylamix to the 
liquid feed had a detrimental effect on the growth of Lb. plantarum (Table 2.8 and Figure 
2.5). The addition of Cyfac HS and Eskalin 500 had a bactericidal effect on Lb. plantarum 
('fable 2.8) with no reduction in pH observed (Figure 2.5). The inclusion of the 
antimicrobials Terramycin 10% and Tylamix resulted in an extensive Jag in the growth of 
Lb. plantw'um for 72 h and 48 h respectively, before the bacteria began to grow {Table 
2.8). The fermentations containing Terramycin 10% and Tylamix reached a terminal pH 
of 4:6 and 3.9 after 96. h respectively (Figure 2.5). 
2.2.4 Discussion 
The feed used in this study was conclusively found to be sterile after enrichment and 
testing on non-selective and selective media. Sterility of the feed ensures that there are no 
antagonistic interactions occurring during fermentation from the indigenous and often 
complex micro flora found in pig feed. Of particular importance is the elimination of all 
lactic acid bacteria from the feed· as there are distinct differences in the antibiotic 
sensitivity between strains of the lactic acid bacteria group (Dlitta and Devriese 1981; 
Charteris et ar 1998). 
Lactic acid fermentation in the Control showed a large increase in the numbers of Lb. 
plantarum and a concomitant decrease in pH. The inclusion of a number of commonly 
used growth promoters, Albae, Maxus, Salocin, Tiamutin, copper sulphate, Bioplex 
copper, zinc oxide, Bioplex zinc, can be added to the liquid feed without affecting the 
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efficiency of the starter culture. The results with Albae (zinc bacitracin) are comparable to 
those of Sandvik (1992) who also found no significant difference in the lactic acid bacteria 
counts or acid production. Marounek and Rada {1995) found that the addition of Salocin 
{lOO J..lg ml" 1) did not affect the growth of Lactobacillus strains in liquid feed, which was a· 
greater concentration to that used in the present study, 60J..lg mr'. 
In contrast, the results indicate that the antimicrobial compounds Aureosup I 00, Cyfac HS, 
Eskalin I 00, Terramycin I 0% and Tylamix have a detrimental effect on the growth and I or 
acid production of Lb. plantanmz during the preparation of fermented liquid feed. The use 
of these anti microbials may lead to a malfermentation whereby the pig may be in potential 
danger from growth of pathogens in the unfermented liquid feed or the palatability may•be 
impaired resulting in feed refusal. Therefore, those antimicrobials should not be included 
in diets that are to be fermented by Lb. plantarum. 
Both Terramycin 10% and Tylamix appeared to have a reduction in efficacy during 
prolonged steepingin FLF. This has been previously reported for Eskalin (virginiamycin) 
during the fermentation of wheat mash for ethanol production (Hynes, Kjarsgaard, Thomas 
and Ingledew 1997). llhere was no evidence in this current study of the loss of efficacy of 
Eskalin during steeping, but the concentration of the antibiotic was 5 times greater than 
that used by Hynes et al. (1997). No explanation was given as to why certain 
anti microbials lose their efficacy during the steeping process but a number of studies ·have 
suggested they may be unstable under aqueous conditions and become denatured over 
time. Temperature may be a contributing factor to the degradation of the antimicrobial in 
the liquid feed, with a warmer temperature favouring a more rapid degradation (Islam, 
Toledo and Hamdy 1999; Doi and Stoskopf 2000). The antimicrobial may not be effective 
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at a low pH (< pHS), for example, penicillin-G has a half-life of< 4 hat pH 3.8 (Islam et 
al. 1999). A reduction of the antibacterial effect may also be due to complex-formations 
with specific feed components, for example, oxytetracycline and quinolone antibiotics 
form complexes with the metal cations magnesium and calcium (Lunestad and Goksoyr 
1990; Park, Chung, Lee, Lee and Bark 2000). There is also a potential that the 
antimicrobial may select for a resistance phenotype in the Lb. plantarum population and 
after an extended Jag period this phenotype may dominate. 
In conclusion, certain antimicrobials will adversely affect the fermentation, therefore one 
must question the logic ofincluding any growth-promoting antibiotic in a fermented feed. 
When prescription only medicines (POM's) are needed~ they should be administered 
through a route other than in-feed addition. A small number of anti microbials appear to 
have little or no effect on fermentation and could be used. However, studies are needed to 
determinewhether they actually improve performance of pigs when they are fed in FLF. 
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2.3 The isolation and use of a rifampicin-resistant mutant .for 
monitoring development of a Lb. plantarum inoculant 
introduced into FLF. 
2.3.1 Introduction 
When selected lactic acid bacteria (LAB) strains are used in .the preparation of fermented 
liquid feed (FLF), it is necessary to ensure that the fermentation process is conducted by 
the desired inoculant. Previous studies (Section 2.1) demonstrated the ability of various 
LAB to ferment a sterile liquid feed in the absence of a competitive micro flora, but in an 
on-farm situation liquid feed will not be sterile and may contain many other LAB species. 
Given the large number of unknown factors (including wide range of production 
temperatures, sensitivity to bacteriophage and bacteriocins, ability to compete for nutrients, 
tolerance of pH, and tolerance to other microbial and fungal metabolites produced during 
fermentation), that may be involved in determining the fate of strains entering FLF 
systems, identification ofstrains with the ability to colonise under given conditions must 
depend to a large extent upon empirical approaches. 
Most of the available information on the use of selected LAB inoculants introduced to 
liquid feed has been based on the gross changes in the entire LAB population, changes in 
pH and changes in end-metabolite production in the feed (Jensen and Mikkelsen 1998; 
Geary et a/, 1999). This approach has been largely due to the inherent difficulty of tracking 
individual strains in an ecosystem that can contain more than 9 log10 cfu LAB per ml iiquid 
feed (Geary 1997; Jensen and Mikkelsen 1998). 
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It is difficult to phenotypically characterise individual 'lactic acid bacteria species without 
expensive and time-consuming,procedures. There are no commercially available media for 
the selective enumeration of individual species of LAB. Therefore, evaluation of the 
efficacy of a proposed inoculum for fermenting liquid feed is difficult without a useful 
means by which to distinguish the introduced strain from the background LAB species. 
Numerous methods of tracking specific lactic acid bacteria inoculants in fermented foods 
have been described in the literature. Identification methods based on ELISA 
immunoassays (Labadie and Desnier 1992); PCR techniques (Rodtong and Tannock 1993; 
du Plessis and Dicks 1995; Lucchini, Kmet, Cesena, Coppi, Bottazzi and Morelli 1998; 
Urbach, Schindler and Giovannoni 1998); rRNA - targeted oligonucleotides (reviewed by 
(Tannock 1999)) and DNA hybridisation methods (Rod tong, Dobbinson, Thode-Andersen, 
McDonnell and Tannock 1993; Ehrmann, Ludwig and Schleifer 1994) have been described 
in the literature. 
These techniques are time-consuming and difficult to apply quantitatively. Many 
investigators have focused on methods for marking bacterial strains to facilitate 
quantitative detection. These methods involve the transformation of bacteria with plasmids 
carrying antibiotic-resistance genes (Luchansky, Muriana and Klaenhammer 1988; Fons, 
Hege, Ladire, Raibaud, Ducluzeau and Maguin 1997); genes encoding green fluorescent 
protein (Scott, Mercer, Glover and Flint 1998; Geoffroy, Guyard, Quatannens, Pavan, 
Lange and Mercenier 2000) or lux genes to produce bioluminescence in the organism of 
interest (Drouau1t, Corthier, Ehrlich and Renault 1999). 
An alternative method to mark bacteria is the selection of spontaneous antibiotic resistance 
using selective pressure in antibiotic-supplemented .culture media. Selection for resistance 
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to rifampicin, a broad-spectrum antimicrobial, is common due to the rarity of resistance to 
this antimicrobial found in wild type lactic acid bacteria (Rada and Marounek 1997). 
Selected rifampicin-resistant strains have been successfully used for the enumeration of 
foodborne pathogens in foods (Hart, Mead and Norris 1991; B1ackburn and Davies 1994); 
the persistence of a probiotic LAB strain in acidified liquid feed for chicken (Pascaul, 
Hugas, Badiola, Monfort and Garriga 1999); and the colonisation and persistence of lactic 
acid bacteria in the digestive tract.of pigs(Pedersen andTannock 1989), poultry (Rada and 
Marounek 1997; Garriga, Pascual, M on fort and Hugas 1998; Pascaul et al. 1999} and mink 
(Pedersen and Jefgensen 1992). 
The mm of this study was to. produce and evaluate a rifampicin-resistant strain of 
Lactobacillus plantarum for use in liquid feed inoculation studies. The objectives of this 
study were to 
• determine the suitability I selectivity of rifampicin as a marker in the identification of a 
specific lactic acid bacteria strain 
isolate a rifampicin-resistant mutant of Lb. plantarum by a selective.pressure technique 
• compare the 'new' rifampicin-resistant mutant with the parental strain in respect to 
morphology, fermentation profile and growth rate 
• evaluate the use of the rifampicin-resistant mutant strain of Lb: plantarum in both 
sterile and non-sterile liquid feed systems, 
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2.3.2 Materials and Methods 
All bacteriology media were obtained from Oxoid Ltd. (Hants, England) and were 
prepared according to manufacturer's recommendations or altered accordingly based on 
requirements of experiment. All chemicals were obtained from Sigrna-Aidrich Ltd. 
(Dorset, England). 
Rifampicin ~[3-{ 4-methylpiperazinyl-iminomethyl) rifamycin SV]) was ,prepared as a stock 
solution (1 0 mg mr1) in methanol and used at a final concentration of I 00 J.lg mr' unless 
otherwise stated. 
Lb. plantarum (PC-S,Ji-1-06; Alltech Inc., Kentucky, l.JSA') was previously selected as a 
suitable starter culture for the preparation of fermented liquid feed (Section 2.1 ): Stock 
cultures were maintained at -80"C in I ml aliquots ofMRS broth with 20% v/v glycerol. 
2.3.2~ 1 Screening' programme to evaluate rifampicin-resistance in natural 
lactic acid bacteria populations. 
Lactic acid' bacteria obtained from a variety of sources (pig feed, fermented liquid feed, 
human food fermentations, culture collections and pig faeces) were screened for their 
ability to grow on MRS agar containing lOO J.lg mr' rifampicin. 
Bacterial strains 
Details of the strains used and' their sources are shown in Table 2.9. Stock cultures were 
maintained at -80"C in I ml aliquots ofMRS broth with 20% v/v glycerol. Faecal (SHCM-
FC) and lactic acid bacteria isolated' from .continuous fermentations (SHCMcMC) were 
initially isolated on Rogosa 
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Table 2.9 Bacterial strains used in screening programme 
Culture Strain name Growth Source 
number temE. 
BA 1 Bifidobacterium adolentensis NC 11 814 37°C SHM 1 
81 1 Bifidobacterium infantis NC 11817 37°C SHM 
EF 1 Enterococcus faecium 37°C BL- Alltech 2 
EF 2 Enterococcusfaecium (M74) NCIMB 11181 37°C SHM (Lallamond) 
LA 1 Lactobacillus acidophilus LA 3-5-3 37°C BL- Alltech 
LA2 Lactobacillus acidophilus LC 1 37°C SHM (Nestle) 
LA 3 Lactobacillus acidophilus LA5 37°C SHM (Chr. Hansen) 
LA4 Lactobacillus acidophilus 388 37°C SHM (Chr. Hansen) 
LA5 Lactobacillus acidophilus ATCC 43 121 37°C BL- Alltech 
LAY 1 Lactobacillus amy lovom s NCFB 2745 37°C SHM 
LB I Lactobacillus bulgaricus NIRD 1489 37°C SHM 
LB2 Lactobacillus bulgaricus 38C 37°C SHM (Chr. Hansen) 
LB 3 Lactobacillus bulgaricus LB 12 37°C SHM 
LC I Lactobacillus casei 3 7 37°C SHM 
LC 2 Lactobacillus casei (Shirota) 37°C isolated from Yakult 
LC 3 Lactobacillus casei C 81 -1-7 30°C BL- Alltech 
LC R1 Lactobacillus casei subsp. rhamnosus NCIB 6375 30°C SHM 
LC R2 Lactobacillus casei subsp. rhamnosus NCDO 243 30°C SHM 
LF 1 Lactobacillus fermentum 1403 37°C Sow teat SHM 
LF 2 Lactobacillus f ennentum I 042 37°C Sow teat SHM 
LF 3 Lactobacillus f ermentum 37°C Molasses mash, CC-A 3 
LH 1 Lactobacillus helveticus 38A 37°C SHM (Chr. Hansen) 
LN 1 Leuconstoc mesenteroides subsp. mesenteroides 30°C SHM 
LN2 Leuconstoc mesenteroides subsp. dextranicum 30°C SHM 
LN 3 Leuconstoc carnosum 558 30°C SHM 
LP 1 Lactobacillus p lantamm NIRD 343 30°C SHM 
LP 2 Lactobacillus plantarum 30°C BL- Alltech 
LP 3 Lactobacillus plantarum A TCC 8014 30°C SHM 
LP4 Lactobacillus p/antarum 30°C Corn mash, CC-A 
LP-PC1 Lactobacillus plantarum PC 81- 1-05 30°C BL- Alltech 
LP-PC Lactobacillus plantarum PC 81-1 -06 30°C BL- Alltech 
LS 1 Lactobacillus spp. 37°C Cheese isolate (SHM) 
LS 2 Lactobacillus spp. 37°C Sainbury yogurt (SHM) 
LS 3 Lactobacillus spp. 37°C Vifit Peach yogurt (SHM) 
LS 4 Lactobacillus amylovorus NCFB 2745 37°C NCIMB 4 
LS 5 Lactobacillus amy lophilus NCIMB 11546 30°C NCIMB 
PA I Pediococcus acidilactici 37°C Lallamond (Bactocell) 5 
PA 2 Pediococcus acidilactici 37°C BL - Alltech 
PP-SS Pediococcus pentosaceus (SS) 30°C BL- Alltech 
PP-Tpx Pediococcus pelllosaceus PC I 30°C Chr. Hansen 6 
SHCM 1 Lactobacillus plantarum 902 30°C B.A.S 1 
SHCM2 Lactobacillus plantarum Ca 30°C B.A.S 
SHCM3 Lactobacillus plantarum 903 30°C B.A.S 
SHCM4 Lactobacillus plantarum 40 I 30°C B.A.S 
SHCM5 Lactobacillus plantarum 335a 30°C B.A.S 
SHCM6 Lactobacillus plamarum 335b 30°C B.A.S 
SHCM8 Lactobacillus plantarum 376a 30°C B.A.S 
SHCM 10 Lactobacillus p/antarum 588 30°C B.A.S 
SHCM 11 Lactobacillus p/antarum 603 30°C B.A.S 
SHCM 12 Lactobacillus coryniformis subsp. c01ynijormis 30°C B.A.S 
SHCM 13 Lactobacillus yamanaslriensis 596a 30°C B.A.S 
SHCM 14 Lactobacillus yamanashiensis 596a 30°C B.A.S 
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Table 2.9 Bacterial strains cont. ... . 
Culture Strain name Growth Source 
number tern . 
SHCM 15 Lactobacillus brevis H 11 a 30°C B.A.S 
SHCM 16 Lactobacillus brevis H 11 b 30°C B.A.S 
SHCM 17 Lactobacillus brevis 28 1 b 30°C B.A.S 
SHCM 18 Lactobacillus brevis 663 30°C B.A.S 
SHCM 19 Lactobacillus brevis 64 1 30°C B.A.S 
SHCM20 Lactobacillus vaccinosterius 44 1 a 30°C B.A.S 
SHCM 21 Lactobacillus vaccinosterius 44 1 b 30°C B.A.S 
SHCM 22 Lactobacillus vaccinosterius 589 30°C B.A.S 
SHCM 23 Lactobacillus buchneri CB 30°C B.A.S 
SHCM24 Lactobacillus buchneri Ka 30°C B.A.S 
SHCM 25 Lactobacillus buchneri K8 30°C B.A.S 
SHCM26 Lactobacillus buclmeri 661 30°C B.A.S 
SHCM 27 Lactobacillus buchneri 667 30°C B.A.S 
SHCM 28 Lactobacillus buc/meri 691 30°C B.A.S 
SHCM 29 Lactobacillus buchneri 692 30°C B.A.S 
SHCM 30 Lactobacillus buchneri 693 30°C B.A.S 
SHCM 31 Lactobacillus rhamnosus 593 30°C B.A.S 
SHCM 32 Lactobacillus casei 664 30°C B.A.S 
SHCM 33 Lactobacillus f ennentum 665 30°C B.A.S 
SHCM 34 Lactobacillus plantarum B-196 30°C B.A.S 
SHCM 35 Lactobacillus rhamnosus B-189 30°C B.A.S 
SHCMMC I Lactobacillus spp. 30°C FLF - I week (SHF) 8 
SHCMMC2 Lactobacillus spp. 30°C FLF - 1 week (SHF) 
SHCMMC3 Lactobacillus spp. 30°C FLF- I week (SHF) 
SHCM MC4 Lactobacillus spp. 3ooc FLF- I week (SHF) 
SHCMMC5 Lactobacillus spp. 30°C FLF - 2 week (SHF) 
SHCMMC6 Lactobacillus spp. 30°C FLF - 2 week (SHF) 
SHCMMC7 Lactobacillus spp. 30°C FLF - 2 week (SHF) 
SHCMMC8 Lactobacillus spp. 30°C FLF- 2 week (SHF) 
SHCMMC9 Lactobacillus spp. 30°C FLF - 2 week (SHF) 
SHCM MC IO Lactobacillus spp. 30°C FLF - 2 week (SHF) 
SHCMMCII Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCMMC I2 Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCMMC I3 Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCMMC 14 Lactobacillus spp . 30°C FLF - 3 week (SHF) 
SHCMMC 15 Lactobacillus spp. 30°C FLF- 3 week (SHF) 
SHCMMC \6 Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCMMC 17 Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCM MC18 Lactobacillus spp. 30°C FLF - 3 week (SHF) 
SHCMMCI9 Lactobacillus spp . 30°C FLF - 1 week (RBF) 9 
SHCM MC20 Lactobacillus spp. 30°C FLF - I week (RBF) 
SHCMMC2 1 Lactobacillus spp. 30°C FLF- I week (RBF) 
SHCMMC22 Lactobacillus spp. 30°C FLF- 4 week (RBF) 
SHCM MC23 Lactobacillus spp. 30°C FLF- 4 week (RBF) 
SHCMMC24 Lactobacillus spp. 30°C FLF- 4 week (RBF) 
SHCMMC25 Lactobacillus spp. 30°C FLF - 4 week (RBF) 
SHCMMC26 Lactobacillus spp. 30°C FLF - 4 week (RBF) 
SHCMMC27 Lactobacillus spp. 30°C FLF- 4 week (RBF) 
SHCMMC28 Lactobacillus spp. 30°C FLF- 6 week (RBF) 
SHCMMC29 Lactobacillus spp. 30°C FLF - 6 week (RBF) 
SHCM MC30 Lactobacillus spp. 30°C FLF - 6 week (RBF) 
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Table 2.9 Bacterial strains cont. .... 
Culture 
number 
SHCM MC3 1 Lactobacillus spp. 
SHCM MC32 Lactobacillus spp. 
SHCM MC33 Lactobacillus spp. 
SHCM MC34 Lactobacillus spp. 
SHCM MC35 Lactobacillus spp. 
SHCM FC I Lactobacillus spp. 
SHCM FC2 Lactobacillus spp. 
SHCM FC3 Lactobacillus spp. 
SHCM FC4 Lactobacillus spp. 
SHCM FC5 Lactobacillus spp. 
SHCM FC6 Lactobacillus spp. 
SHCM FC7 Lactobacillus spp. 
SHCM FC8 Lactobacillus spp. 
SHCM FC9 Lactobacillus spp. 
SHCM FC I 0 Lactobacillus spp. 
SHCM FC I I Lactobacillus spp. 
SHCM FC I2 Lactobacillus spp. 
SHCM FC I3 Lactobacillus spp. 
SHCM FCI4 Lactobacillus spp. 
SHCM FC I5 Lactobacillus spp. 
SHCM FC 16 Lactobacillus spp. 
SHCM FC 17 Lactobacillus spp. 
SHCM FC 18 Lactobacillus spp. 
SHCM FC 19 Lactobacillus spp. 
SHCM FC20 Lactobacillus spp. 
SHCM FC21 Lactobacillus spp. 
SHCM FC22 Lactobacillus spp. 
SHCM FC23 Lactobacillus spp. 
SHCM FC24 Lactobacillus spp. 
SHCM FC25 Lactobacillus spp. 
SHCM FC26 Lactobacillus spp. 
SHCM FC27 Lactobacillus spp. 
SHCM FC28 Lactobacillus spp. 
SHCM FC29 Lactobacillus spp. 
Strain name 
Key: SHM- Seale-Hayne Microbiology culture collection; 
2 BL- Alltech- Bill Lamm, Alltech lnc., Kentucky, U.S.A; 
3 CC-A- Catha! Connolly, Alltech Inc., Kentucky, U.S.A; 
Growth 
tern. 
Source 
FLF - 6 week (RBF) 
Eygptian ketir (VK.) 10 
Eygptian kefu (VK.) 
Eygptian kefu (VK.) 
Eygptian kefu (VK.) 
PreW piglet (faeces) 11 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
Farrow sow (faeces) 
Farrow sow (faeces) 
PostW piglet (faeces) 12 
Farrow sow (faeces) 13 
PostW piglet (faeces) 
PostW piglet (faeces) 
PostW piglet (faeces) 
PostW piglet (faeces) 
Sow (faeces) 
Sow (faeces) 
Sow (faeces) 
Sow (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
PreW piglet (faeces) 
Sow (faeces) 
Sow (faeces) 
PreW piglet (faeces) 
4 NCIMB -National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland; 
5 Lallamond - Lallamond Ltd., France; 
6 Chr. Hansen - Chr. Hansen Gmbh, Pohlheim, Germany; 
7 B.A.S - Irma Bouriako, Belarus Academy of Sciences, Minsk, Belarus; 
8 FLF (SHF) - isolates from 'backs lopped' fermented liquid feed after I, 2 and 3 weeks, Seale-Hayne Farm; 
9 FLF (RBF) - isolates from commercial 'backslopped' fermented liquid feed after I, 4 and 6 weeks, Robin 
Bright, Honiton, Devon; 
10 VK.- received from Dr. Victor Kuri, Food Technology, Seale-Hayne Faculty; 
11 PreW - isolates from piglets pre-weaning, Seale-Hayne farm; 
12 PostW - isolates from piglets 2 weeks post-weaning, Seale-Hayne farm; 
13 Farrow- isolates from sow faeces during farrowing period, Seale-Hayne fam1. 
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(containing I 00 11g mF1 cycloheximide and 0.04% w/v chlorophenol red) agar from a 
variety of sources (Table 2.8). Acid-producing colonies were purity plated on MRS agar 
and colonies that stained Gramcpositive and were catalase negative were used. No further 
identification was,carried out. 
Resistance to rifampicin 
All bacterial strains were subccultured twice in MRS broth at propagation temperature 
(l'able 2.8) prior to testing for resistance. 
MRS agar, prepared ,in IOOml aliquots, was autoclaved and prior to pounng (at 
approximately 55°C) l ml of rifampicin (10 mg mF1 in methanol) was added to each of 
half the aliquots and mixed well. The plates were allowed to set overnight prior to use. 
A loopful of an overnight MRS broth culture was aseptically transferred to both MRS and 
MRScdf (containing 100 11g mF 1 rifampicin) agar plates and the cultures spread by the 
'four-streak' technique. An individual plate was used for each organism screened. Plates 
were incubated at propagation temperature for 48 h at 5% C02, with the exception of the 
Bifidobacterium spp. which were incubated for 96 h in an anaerobic jar with GasPak 
(Oxoid Ltd., Hants, England). Lb. plantarum ATCC 8014 was used as a rifampicin 
sensitive control (Thompson, McConville, McReynolds, Moorhouse and Collins 1997), 
After the required incubation time, plates were observed for growth and results recorded. 
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2.3.2.2 Isolation of. a rifampicin-resistant mutant of Lb; plantarum 
Rifampicin resistant mutants were selected using a gradient plate technique, aiding the 
determination of optimal antibiotic concentration needed for direct selection (Gerhardt, 
Murray, Wood and Krieg 1994). 
Formation of gradient plates 
Gradient plates containing the selective agent, rifampicin, were prepared as follows. MRS 
agar was poured into sterile petri dishes and allowed ·to·cool with one edge elevated so that 
the agar leveli just reached the intersection of the bottom and side of the plate. After .the 
agar had hardened, the plates were levelled and an equal quantity of MRS agar (containing 
100 1-1g ml" 1 rifampicin) was added. The plates were allowed to cool on a level surface, 
thus producing a concentration gradient of.the rifampicin antibiotic from 0 1-lg/ml at one 
edge to the maximal concentration, I 00/1-1g ml, at the opposite edge. The plates were 
marked to show the gradient orientation, Plates were prepared 24 h prior to use to allow 
the gradient tobecome established. 
Selection of rifampicin resistant mutants 
Lb. plantarum (PC-81-1-06) was grown to mid-logarithmic phase (approximately 5 x 108 
cfu ml" 1, 00600 1.0-1.4) in MRS broth at 30°C. The selection procedure is illustrated in 
Figure 2.6. Cultures (1'.00 1-1l) were spread-plated onto the pre-prepared rifampicin gradient 
plates and incubated for 48 h at 30°C. After incubation, a bacterial lawn was visible up to 
the point where the antibiotic concentration equalled the minimum inhibitory concentration 
(MIC) for Lb. plantarum. l!he colonies growing at higher concentrations were rifampicin-
resistant mutants. The mutant colonies were re-streaked onto MRS agar (containing 100 
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Jlg mr' rifampicin) plates, to confirm resistance phenotype, and incubated at 30°C for 48 h . 
. Single colonies were purity plated on MRS agar containing no antibiotic. 
1he stability of these mutants was tested by growing in MRS broth at 30°C to mid-log 
phase (OD600 1.0 - 1.4) and plating 100 111 aliquots of the appropriate serial dilutions (1 ml 
in 9 ml MRD) onto MRS agar with and without rifampicin (100 Jlg/ml). Measurement of 
stability was defined as: 
(the number of colonies on MRS (I 00 Jlg/ml) agar I the 'number of colonies on MRS agar) 
X 100% 
Stability was further tested after several passages on antibiotic-free MRS agar to ensure the 
resistance phenotype had not reverted. 
Storage of selected m wants 
The selected rifampicin-resistant strains were propagated in MRS broth at 30°C for 24 h. 
'Fhe culture was centrifuged (Biofuge pica, Heraeus Instruments, Osterode, Germany) at 
room temperature at I 0;000 rpm and the supematant discarded. llhe pellet was re-
suspended in fresh sterile MRS broth containing 20% v/v sterile glycerol and stored at -
80°C in 1 ml aliquots until' use. The cultures were propagated twice at 30°C before all 
experiments and tested for purity by streaking on a MRS plate. Strains were routinely 
checked for resistance to rifampicin by streaking onto MRS (containing I 00 Jlg mr' 
rifampicin) agar plates. To ensure that the strains had not developed dependence on the 
rifampicin they were also streaked on to MRS agar. 
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Figure 2.5 
Development of LAB inoculant 
Diagram illustrating the procedure for the isolation of spontaneous mutants to rifampicin. 
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2.3.2.3 Comparison of parent and mutant Lb. plantarum strains 
The Lb. plantarum parental strain (LP-PS) was compared with the rifampicin-resistant 
mutant strains (LP-rif) in respect to a number of biochemical and physiological parameters. 
Colony morphology, Gram reaction, sugar utilisation, MIC of rifampicin and 
determination of acid, gas and catalase production. 
Samples (1 ml) of overnight MRS cultures were serially diluted in 9 ml MRD and 100 111 
of the appropriate dilutions spread-plated on MRS agar. Plates were visually inspected for 
colony morphology. Colonies (n = 3) from each plate were Gram-stained (Doetsch 1981) 
and tested for catalase production with 3% (v/v) H20 2 (Simbert and Krieg 1994). Colonies 
were tested for acid and gas production from glucose as previously described (Section 
2.1.2). Sugar utilisation tests were carried out using the API 50 CH test kit (API System 
S.A., Marcy I'Etoile, France) according to the manufacturer's instructions, 
The minimum inhibitory concentration (MIC) of rifampicin on the growth of the parental 
and mutant strains of Lb. plantarnm were determined using a broth inicro"dilution method. 
All tests were performed in MRS broth. Serial doubling dilutions of rifampicin were 
performed in a sterile 96-well microtitre plate over the range 1 - 1000 Jlg ml' 1• Overnight 
broth cultures were prepared in MRS broth and adjusted so that the final concentration in 
each well following inoculation was approximately 1.0 x 105 cfu mr 1• The concentration 
of each inoculum was confirmed using viable counts on MRS agar plates. Positive (1 00 
Jlg mr1 chloramphenicol) and negative controls (I %methanol) were included in every test. 
The plates were incubated (5% C02) at 30°C for 24 h and the MIC's determined. Bacterial 
growth was indicated by the presence of turbidity and a 'pellet' on the well bottom. MIC's 
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were detennined presumptively as the well, in ascending order, which did not produce a 
pellet. Each experiment was repeated at least three times. 
Growth curves in MRS and MRS-rif broth 
All media was equilibrated at the experimental temperatures prior to use. The parental and 
three selected rifampicin-resistant mutant strains, {LP (lOR), LP ('IIR), and LP (12R)} of 
Lb. planta~:um were subcultured twice in MRS ~glucose) broth at 30°C. Cultures were 
diluted I: I 0;000 in fresh MRS broth with and without rifampicin (I OOf.lg mr 1) to obtain a 
bacterial concentration of approximately I x I 05 cfu mr1• Diluted cultures, 400f..1l, were 
added to individual wells, in triplicate, of a sterile Bioscreen (Life Sciences International, 
Basingstoke, UK) honeycomb plate, The inoculated honeycomb plates were placed in the 
reading chamber of a Labsystems Bioscreen (Life Sciences International) and incubated at 
30"C for 48 h. Measurement ofthe OD of all wells was at a wavelength. of 600nm at 60 
min intervals for 48 h. The data generated were then converted into Microsoft Excel 
(Microsoft, Seattle, USA) fonnat and, where appropriate, processed into growth curves. 
Fermentation of feed 
The diet specification, procedure for the preparation of liquid feed using irradiated and 
non-irradiated feed,. has been previously described in Section 2.1.3.2. The experiment was 
allocated to a 2cfactor factorial desigh with 3 microbial treatments and 2 feed treatments. 
All fennentations were carried out in triplicate. The microbial treatments were: 
Control (no inoculant) 
Lb. p/antarum (parent strain- PC-81-11-06) 
• Lb. plantarum (R 12 -rif mutant). 
The two feed treatments were non-irradiated feed and irradiated feed. 
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Feed was inoculated with, approximately 0.7ml of an overnight culture (MRS broth, 30°C, 
- 9 log10 cfu mr1) of the inoculant according to the experimental design to give a final 
concentration of 6 log10 cfu, mr1 liquid feed'. Control fermentations did not contain an 
inoculant. Feed was steeped for 96 hours at 20°C and I Oml samples were aseptically 
removed every 24 hours for enumeration of the lactic acid bacteria and coliforms, and 
measurement of pH. Samples ofliquid feed were serially diluted in Maximum Recovery 
Diluent (MRB) (I ml sample: 9 rill, MRD). Lactic acid bacteria were enumerated in 
double-layered MRS agar and incubated for 3 days at 30°C. Coli forms were enumerated 
in doublt:-layered Violet Red Bile agar plates and incubated for 24 hours at 37°C. 
2.2.2.4 Data analysis 
Bacterial counts were log transformed to fit a normal distribution prior to analysis. Data 
were analysed by a univariate general linear model-analysis of variance (GLM-ANOV A). 
Signi licant differences (P < 0.05) between the treatment means were compared by Tukey's 
test (Zar 1999). All statistical analyses were undertaken using Minitab V; 12.1 (Minitab 
Inc. Pennsylvania, USA, 1998). 
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2.3.3 Results 
Evaluation of rifampicin resistance in LAB isolated from a variety of sources 
All lactic acid bacteria (n = 135) isolated from a variety of sources showed sensitivity to 
rifampicin as detennined by plating on MRScrif (I 00 llg mr 1) agar plates. 
Isolation of rifampicin mutants 
Colonies were isolated from the inhibition zone (outside the zone of confluent growth) and 
streaked on to fresh MRS-rif agar plates. Only the colonies that were rifampicin resistant 
were further tested. Colonies .that were not morphologically similar to the parent strain 
were not included. The stability of the rifampicin phenotype in the mutants was tested by 
repeated (n = I 0) subculture in MRS broth. Only the mutants with an 85% or higher count 
on MRS-ri f compared to MRS agar were further considered. 
Colony morphology, Gram reaction, sugar utilisation, MIC of rifampicin and 
determination of acid, gas and catalase 
The mutants (n = 14; RI - R14) demonstrating the highest stability were screened for 
differences in biochemical traits. All mutants (n = 14)tested were catalase negative Gram-
positive rods, and produced acid from glucose but not gas. The mutants had identical 
carbohydrate utilisation .profiles (API 50CH) when compared with the parent strain. The 
MIC of the Lb. plantarum parent strain was 4ppm, whilst each of the mutants was > 250 
pp m. 
Growth curves inMRS and MRS-rifbroth 
The three rifampicin mutants showed similar growth curves to the parent strain over a 48h 
period at 30°( (Figure 2.7). The addition of methanol (MeOH) or dimethyl sulphoxide 
(DMSO) had no effect on the growth of the Lb. plantarum parent or mutant strains (Figure 
2.8). 
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Figure 2.6 Growth curves (n = 3) comparing Lb. plantarum rifampicin mutants (RIO, 
Rll , and R12) with parent strain over 48 period at 30°C. 
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However, when rifampicin (100 llg ml'1) was added to the media the growth rate ofthe 
mutant (Rl2) was significantly affected with a greatly extended lag phase and slower 
exponential growth (Figure 2.8). The final OD was similar for all treatments, 
approximately 2.2 - 2.4, after 48h (Figure 2.8). No growth was observed for the Lb. 
plantarum parent strain when incubated in the presence of rifampicin over the 48h period. 
Growth in sterile and non-sterile feed 
Lb. plantarum rifampicin resistant mutant (RI2) was compared to the parent strain to 
investigate changes in growth, reduction of pH and competitive behaviour in a model 
liquid feed system. 
Microbial counts 
The microbial counts in the fermentations, containing irradiated and non-irradiated feed, 
are shown in Table 2.1 0. The total lactic acid bacteria (LAB) counts are comparable in the 
fermentations inoculated' with either the Lb. plantarum parent strain or rif mutant. The 
inclusion of the inoculant resulted in an increased LAB population for the first 24h 
steeping compared to the Control. The bacterial counts from .the ·non-sterile feed 
fermentations suggest that the rifampicin mutant strain of Lb. plantarum resulted in a very 
rapid decrease in coliform populations after the initial 24h bloom. No coliforms were 
detected after 48h in the inoculated fermentations whilst the Control fermentations 
required 96 h until the coliform population were below detectable limits (> 3.0 log 10 Cfu 
ml' 1) ('Fable 2.I:o). 'Fhe microbial counts appear to be greater in the fermentations prepared 
from irradiated feed compared with those prepared from non-irradiated feed. This may be 
possibly explained by the lack of microbial competition for micronutrients and 
carbohydrates. 
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PH 
The pH values of liquid feed treatments over the 96h steeping period are shown in Figure 
2.10. In the non-irradiated feed, the inclusion of either of the inoculants, Lb. plantarum 
(PS) or Lb. planlarum (Rl2) resulted in a significant reduction in pH compared to the 
Control,4.8, 4;8 and 5.7 respectively. Furthermore, inoculation of the feed, Lb. plantanun 
resulted in a lower terminal pH (after 96h) compared with the Control, 3.8, 3.8, 4.2 
respectively. There was no difference in the pH values over time between the parent and 
Rl2 strains. 
140 
Chapter 2 Development of LAB inoculant 
Table 2.10 Microbial populations of the fermentation of irradiated and non-irradiated liquid feed (n = 3) with Lb. plantarum, with (rif) and without 
(PS) rifampicin mutation. 
Noncirradiated feed Irradiated feed 
Treatment 0 24 48 72 96 0 24 48 72 96 
Total LAB countst 
Control (no inoculant) 4.6 a 7.2 a 9.3 a 9.2a 9.oa < 3.0" <3.0a <3.0a <3.0" < 3.0" 
Lb. plantarum (PS) 6.2 b 8.6 b 9.6a 9.2" 9.1 a 6.1 b 8.2 b 9.8 b 9.8 b 9.4b 
Lb. plantarum (rif) 6.2 b 8.6b 9.3 a 9.0a 9.1 a 6.1 b 8.3 b 9.7b 9.6b 9.4b 
Lb, plantarum (rit) counts 
Control (no inoculant) < 3.0 <3.0 <3.0 < 3.0 <3.0 <3.0 < 3.0 <3.0 <3.0 < 3.0 
Lb.plantarum (PS) <3.0 <3.0 <3.0 <3.0 < 3.0 <3.0 <3.0 <3.0 <3.0 <3.0 
Lb. plantarum (rif) 6.1 8.5 9.1 9.2 9.1 6.1 8.3 9.6 9.6 9.4 
Coliform counts 
Control (no inoculant) <3.0 5.6 5.5 4.4 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 
Lb. plantarum (PS) <3.0 5.1 <3.0 < 3.0 <3.0 <3.0 <3.0 <3.0 <3.0 < 3.0 
Lb. plantarum (rif) <3.0 5.3 <3.0 <3.0 <3.0 <3.0 <3.0 <3.0 < 3.0 < 3.0 
'•.b Within columns, means with a significant superscript differ (P < 0.05) 
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Figure 2.9 
Development of LAB inoculant 
pH of FLF as determined by treatment (Control - no inoculant; Lb. 
p/antarum parent strain (PS); Lb. p/antarum rifampicin mutant (rif)) in non-
irradiated and irradiated feed. 
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2.3.4 Discussion 
Evaluating the efficacy of the inoculum addition to fermented liquid feed (FLF) is 
complicated because of the difficulty in distinguishing strains from the high levels of 
closely related background epiphytic lactic acid bacteria. The work reported here was 
aimed at developing sensitive selective procedures for enumerating a rifampicin-resistant 
mutant strain of Lactobacillus plantarum and comparing wiih the parental strain in respect 
to a variety of biochemical and physiological parameters. The indicator (tag) was then 
used to effectively determine Lb. plantarum growth and survival during the steeping 
process of FLF production in both a model sterile system and in the presence of a 
competitive·microflora. 
The technique used for the production of the antibiotic-resistant strains was relatively 
simple but was not successful on every occasion. The results do not demonstrate the 
number of mutants that had to be rejected in this study due to poor growth performance, 
differences in colony size on MRS-rif plates, failure to maintain the rifampicin resistance 
phenotype successfully. To ensure that the antibiotic-resistant isolates were hot atypical, 
their growth and survival characteristics were compared with that of the parent strain. The 
results demonstrated that the mutants selected were comparable to the parent strain in 
relation to a number of biochemical and physiological properties. The exception to this 
was the increase in MIC of rifampicin from 4ppm to > 250ppm for the parent and mutant 
strains, respectively. Furthermore, the mutant R:f2 was capable of dominating the liquid 
feed fermentation during the 96h fermentation period, thereby demonstrating that the 
mutation leading to antibiotic resistance did not affect other bacterial characteristics that 
could affect its competitive ability during fermentation of liquid feed. llhe results of this 
present study concur with the findings of Park ( 1978) and Hart et al. (1991) 
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When medium containing no antibiotics was used, including the addition of methanol or 
dimethyl sulphoxide, the antibiotic resistant strains had similar growth rates to the parent 
strain. But in MRS broth containing rifampicin (100 llg mr' using either methanol or 
dimethyl sulphoxide (DMSO) as a diluent) the growth rates of the mutant Rl2 was 
significantly reduced with a greatly extended lag phase. In the present study, the Rl2 strain 
with resistance to rifampicin had a much slower growth rate in the presence of the 
antibiotic, possibly because chromosomal mutationally acquired resistance can involve the 
destruction of the proteins to bind rifampicin (Blackbum and Davies 1994). The mutation 
may·have diminished, rather than prevented, rifampicin binding. 
The choice of antibiotic was partly based on the literature and .on an initial screening 
programme to evaluate the prevalence of rifampicin-resistant lactic acid bacteria in liquid 
feed and faeces. Rifampicin resistance, as determined by plating on MRS-rif (I OOjlg mr' ), 
was not a distinguishable phenotypic trait in the lactic acid bacteria· examined in this study. 
Rifampicin inhibits DNA-dependent RNA polymerase at the 13-subunit (Lambert 1992). 
Bacteria develop resistance to rifampicin primarily via point mutations in the rpoB gene 
encoding the 13-subunit of the polymerase. Selection of rifampicin-resistant mutants is 
based upon the inoculation of plates containing a concentration of antibiotic far in excess 
of the minimum inhibitory concentration (MIC) of the organism and selection of colonies 
able to grow at the higher than normal concentration (Thompson et al. 1997; Dombroski, 
Jaykus, Green and Farkas 1999). Using concentrations far in excess of the MIC allows 
selection ofsingle-step mutants, Thompson et al. (1997) speculated that for selection of 
mutants on MRS agar, the point mutations most probably exist in the bacterial population 
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at the time of sampling and are not plate mutants arising during the selection process. 
Determining the mechanism of resistance requires more detailed molecular studies. 
In conclusion, the work reported here was aimed at developing sensitive selective plating 
procedures for enumerating antibiotic-resistant mutant strains of Lb. plantarum in order to 
follow their survival upon inoculation in liquid feed. This approach was. simple and 
effective, resulting in a strain that could be readily distinguished from the high levels of 
background lactic acid bacteria, With careful selection, the mutants have similar 
biochemical and physiological properties to the parent strain. The experiments reported 
here demonstrate the efficacy of selective plating procedures as applied to the enumeration 
of antibiotic resistant mutant strains of lactic acid bacteria in liquid feed systems. 
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3.1 Introduction 
The benefits from feeding fermented liquid diets on feed intake, growth performance and 
gastrointestinal 'ecophysiology' of pigs have been reviewed recently by Jensen and 
Mikkelsen (1998) and Scholten et al. (1999). Fermented liquid feed is characterised by 
high numbers of lactic acid bacteria and yeast, a low pH and a high concentration of lactic 
acid (Geary et al. 1996). A number of concerns have been raised about the fermentation of 
complete diets as this may lead to the production of protein fermentation products, 
palatability problems and reduced feed intake (Brooks et al. 1999). An alternative strategy 
would be to ferment the carbohydrate fraction of the diet separately and combine the 
carbohydrate component with the protein components immediately before feeding ~Rijnen 
and Scholten 1998). Putative advantages of fermenting the wheat component separately 
are: 
• pH may be reduced more rapidly due to a 'lower buffering capacity; 
• the risk of undesirable fermentation of protein and transformation of amino acids may 
be reduced when wheat is fermented; 
• the more constant composition of feedstuffs compared to compound feed may result in 
a more controllable fermentation; 
• the development of a specific starter culture for one feedstuff may be less complicated 
than developing a starter culture for mixed compound feed; 
• fermenting one feedstuff, that can be used in all pig diets would have practical 
advantages with less capacity needed, in contrast with the fermentation of compound 
feed where' total feed or each substrate must be fermented and I or stored; 
• palatability and general feed acceptance may be enhanced. 
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Wheat was·chosen as the substrate for fennentation in this trial as it is commonly included 
as an energy source in diets for all categories of pig and is the most common cereal in 
Europe and other temperate countries with a starch and protein content of 67% and 13% 
respectively (Ewing 1997). Wheat flour contains 1-2% non-starch fennentable 
carbohydrates of which 60-75% is raffinose and glucofructosans (Kumar and Raccach 
1996). Small quantities of glucose (0.01 %), fructose (0.02%), sucrose (0.1 %) and maltose 
(0.07%) are also present in wheat. The lactic acid bacteria (LAB) have complex growth 
factor requirements because of limited assimilation abilities and require nitrogen and B-
vitamins in large amounts. Milled' whole-grain wheat has been found to contain all the 
necessary nutrient requirements to support the growth of LAB (Kumar and Raccach 1996; 
Hofvendahl and Hahn-Hagerdal 1997). 
Kumar and Raccach {1996) studied the effects of temperature (I 0", 11 5", 20", 30", 35" and 
40"C) on the natural fermentation of whole-wheat flour (2: l w I v water to. wheat). These 
authors reported that 30"C was the optimal temperature for both fermentation time (h), as 
determined by time to reach pH 5.0, and fermentation rate (1'1pH h' 1) of whole wheat flour 
(Table 3.1). 
Table 3.1 Effect of temperature on fermentation times and rates of whole-wheat flour 
(adapted from Kuma!' and Raccach 1996). 
Temperature ("C) 
15 
20 
25 
30 
35 
40 
':Calculated time to·reach pH 5.0 
Fennentation time (h)" 
47.6 
29.2 
13.1• 
8.8 
13.9 
14.4 
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Fermentation rate(l'1pH h- ) 
0;03 
0:06 
0:09 
0.13 
0.08 
0,07 
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Traditional cereal fermentations, for human consumption, involve mixing the milled grain 
with water and allowing it to ferment overnight or longer, usually at ambient temperature 
(Odunfa 1985; Adams and Nico1aides 1997). A succession within the<epiphytic microflora 
evolves through the steeping period, with a short period of growth by fungi and bacteria, 
among which are those belonging to the Enterobacteriaceae, followed by a lactic acid and 
alcoholic fermentation (Odunfa 1985). In such processes lactic acid bacteria inhibit 
pathogenic and spoilage organisms by several mechanisms, including production of 
organic acids, hydrogen peroxide, .other antimicrobial substances; and by lowering pH and 
oxidation-reduction potential (Lindgren and Dobrogosz 1990). 
Often part of a previous successfully fermented batch is retained as an inoculum for the 
next batch, this is known. as 'backslopping' (Salovaara 1998). ·In practice, backslopping 
can involve the retention of a specified quantity of previously fermented product in the 
tank and mixing in fresh substrate or the addition of a portion of the femiented product to a 
fresh tank of substrate to act as an inoculum. This allows for the gradual selection of lactic 
acid bacteria and an accelerated fermentation (Nout, Rombouts and Havelaar 1989). 
Lactic acid bacteria species that have been isolated from traditionally fermented cereals 
include Lactobacillus plantarum and Pediococcus pentosaceus (Nche; Nout and Rombouts 
In this study Liquid Milled Wheat (LMW) is defined as whole grain wheat, hammer-milled 
through a 3mm sieve, thoroughly mixed with water (210g kg·1 DM) in a tank and 
subsequently allowed to steep for48 hours with mixing every two hours for two minutes. 
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The objectives of this trial were: 
• to investigate the changes in chemical and microbial composition during the steeping 
process due to fermentation, with and· without a dual lactic acid bacteria inoculum 
• to investigate the use of the backslopping ·technique to optimise the fermentation 
process and develop a 'biosafe' feedstuff 
• to investigate the survival of the Lb. plantarum starter culture m the di·fferent 
treatments. 
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3.2 Materials and Methods 
3.2.1 Experimental design and treatments 
The study was arranged as a randomised block experiment with five wheat preparation 
treatments and ,three replicates. 
The five treatments were: 
I) Control (5 kg wheat and 15 kg water (I :3 wt I wt) with no starter culture added} 
2) as treatment I with the addition of the liquid starte~ culture (0% backslop, BS) 
3) as. treatment 2 but with the addition of5 kg pre-fermented wheat (20% BS) 
4) as treatment 2 but with the additiort.of I 0 kg pre-fermented wheat (33% BS) 
5) as treatment 2 but with' the addition of 1'5 kg pre-fermented wheat (42% BS) 
3.2.2 Trial procedure 
Five x 45 litrdockable PVCstorage tanks were used to store the LMW during the 48 hour 
!trial period(Piate 3.1 ), Treatments were randomly assigned to storage tanks to compare the 
effects of the addition of a combination starter culture and 'backslopping' process on the 
fermentation characteristics ofL.MW. Each replicate consisted ofthe five treatments stored 
for a period of 48 hours, which was repeated three times. The storage tanks were housed 
in a temperature-controlled room set at 24± I oc. 
Whole grain wheat, obtained from a commercial supplier, was hammer-milled through a 
3mm sieve. A proximate analysis was undertaken by (Biochem Lab, 's Hertogenbosch, 
NL) on the wheat batch to determine moisture content, crude protein, crude ash, crude fat, 
crude fibre, starch and sugar content. 
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Plate 3.1 Fermentation treatment tanks with associated mixers, temperature and pH probes linked to Consort-Controllers above. 
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A dual culture of a spontaneous rifampicin resistant mutant of Lactobacillus plantarum 
(PC-81-11-06, Alltech Inc,, Kentucky, USA) and Pediococcus pentosaceus (SHCM-02, 
Alltech 'Inc., Kentucky, USA') were used as a starter for the preparation of fermented 
wheat. The Lb. p/antarum and P. pentosaceus starter cultures were subcultured overnight 
in individual 10 ml MRS broth at 30°C. 
Preparation ofthe prejermented·wheat 
The pre-fermented wheat was prepared 48 hours prior to addition to treatments 3, 4 and 5. 
The liquid milled wheat (LMW) was prepared by mixing I 0 kg wheat with 30 kg water 
(1:3 wt/wt) and the dual starter culture (20 ml of a 10 log 10 cfu mr 1 of each bacteria) added 
to give a final concentration of approximately·6 1log,0 cfu mr 1 liquid feed of each organism. 
Treatment 1 (Control) 
Liquid milled wheat (LMW) was prepared by mixing 5 kg wheat with 15 kg water (30"C), 
providing a dry matter concentration of210 g kg-1 (water to wheat ratio of 3: 1). 
Treatment 2 (0% BS) 
'Fhe LMW was prepared as for Treatment 1. The liquid feed was mixed for 30 minutes and 
then inoculated with the combined 2 x 1 Oml liquid starter culture giving a final 
concentration of approximately 6 log10 cfu mF 1 liquid feed of each organism. The mixture 
was stirred continuously for a further 15 minutes to ensure a homogenous distribution of 
.the starter culture. 
Treatment 3 (20%.BS), Treatment 4 (33% BS)and Treatment 5 (42% BS) 
LMW (5 kg wheat and 15 kg water) was prepared as for 'Freatment 2 with the addition of5 
kg, lOkg and 15 kg of the pre-fermented wheat mixed into the fresh LMW so that the 
backslop comprised' 20%, 33% and 42% of the final quantity respectively. 
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Fermentation tanks were housed in a room maintained at 24 ± I "C. One hour before the 
start of each storage period (Time= 0, T0) the treatments were prepared and mixed well. 
Throughout the storage period each tank was mixed, for 2 minutes every 2 hours, by an 
overhead' mixer and stirring bar linked to a central programmable control box (Agrnat, Erp, 
Netherlands). The temperature and pH of each tank was measured in situ after each 
mixing by the appropriate electrodes linked to the control box. Between replicates tanks 
were washed with hot water and sanitiser (Pipeclean®, The Netherlands), rinsed with hot 
water and subsequently dried. 
Sampl'es were aseptically removed from each fermentation tank at times 0, 24 and 48 hours 
{To, T24, T4s respectively) after the contents of the tanks had been stirred for two minutes. 
After collection, samples for chemical analysis were frozen immediately and kept at -20"C 
until analysis. Samples for microbial analysis were transported directly to the laboratory 
under cooled conditions (3-5"C) and processed within one hourof sampling. 
4.2.2.1 Chemical analysis 
Dry matter, crude ash, sugars, total carbohydrates, lactic and acetic acids were. analysed by 
Biochem ('s Hertogenbosch, Netherlands) laboratory. The methods for analysis in brief 
were as follows: 
Dry matter ofthe LMW was estimated at each sampling time by drying the samples in an 
oven (l03°C) until a constant weight (Method: IS0·6469 I NEN 3332), 
Asb was determined by burning a 3g sample at 550"C and weighing the residue when 
cooled (Method ISO 5984 I NEN 3329). 
Reducing sugars in the LMW were determined by the Luff~Schoorl method (Directive 
7112501EEC: OJ No. U55, 12.7.71, p2t). The result was.expressed as glucose(%). 
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Total carbohydrates were detennined in a three-step process. Five grams of LMW were 
boiled to extract the starches and sugars. The starch was transfonned into soluble 
carbohydrates by pancreatic amylase (Sigma-Aldrich, Netherlands) and the sugars 
subsequently quantified by the Luff-Schoorl method as above. 
Starch was calculated as the difference between reducing sugars and total carbohydrates. 
Organic acids were detennined by capillary electrophoresis (Soga and Ross 1999). 
Samples were prepared by filtration through a 0.22J.!m filter and subsequently diluted as 
necessary before analysis. Acids were separated in a capillary under the influence of a 
potential difference and detected with an UV- detector at 254nm wavelength. 
Ethanol' was measured in the supematant fraction of the LMW by HPLC using a; Spectra 
Physics SP8000 liquid chromatograph equipped with an Enna-ERC 7510 refractive index 
~RI) detector maintained at 40"C. 'Jlhe columns used were an Aminex HPX-87H column 
(300x7.8 mm; BioRad Labs, Richmond, California, USA) and a guard column (50x4.6 
mm) packed with AG 50 W-X4 (H+, 400 mesh; BioRad Labs). Elution Was perfonned 
with 5mM sulphuric acid at 65"C and a flow rate of 0.6 ml min· 1 (Middelhoven 1998). 
Due to the sampling technique, ethanol concentration could not be related back to dry 
matter. 
pH and temperature were measured and recorded every 2 hours automatically by a 
Consort-Controller with appropriate electrodes. 
Calculations 
Corrections for {by matter and nutritive values 
In the standard method for detennining the dry matter content ('ISO 6469 I NEN 3332), 
amounts of VFA's, lactic acid and alcohol are (partly) volatilised during the oven drying 
process. Consequently, the DM content in the products with high levels of VFA, lactic 
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acid and ethanol is underestimated (Scholten et al. 200lb). Most fermented. liquid eo-
products contain high levels of volatile components. Therefore in this trial to correct for 
the disparities of measurement the following standard equations were used (Scholten et al. 
2001b): 
cDM (g kg' 1) = DM (g kg' 1) + 0.08(lactic acidg kg' 1) + 0.50(VFA g kg- 1) + l.OO(ethanol g 
kg' 1) Equation 3.1 
Total weight (kg) T4s = (ASH To I ASH T4s) * W kg, where W was the initial weight of 
the LMW Equation 3.2 
Total weight cDM (kg) =Total weight (kg) * ( cDM I 1 000) 
Equation 3.3 
liotal weight moisture (kg)= Total weight (kg);- Total weight cDM (kg). 
Equation 3.4 
GE (MJ kg- 1) = 23.6 (crude protein)+ 39:6 (crude fat)+ 17.5 (starch)+ 15.7 (sugar)+ 15.2 
(lactic acid)+ l4.6;(acetic acid)+ 29.8 (ethanol) 
Equation 3.5 
The underlying assumptions of the equations were: 
I. fermentation does not affect total ash content 
2. crude protein and crude fat values at To were used due to little change due to 
fermentation 
3. gross energy of the products was calculated by multiplying the amount of each nutrient 
(g kg. 1) by the heat of combustion (MJ kg- 1) (Equation 3.5). 
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3.2.2.2 Quantification of indicator microbial populations 
Microbial analysis of the LMW samples was conducted using selective media (Oxoid, 
Basingstoke, UK) to identify and quantify key indicator micro-organisms which could then 
be used' to relate the success I failure of the fermentation process (Geary 1997). 
Microbiological counts. were determined from decimal dilutions of wet wheat samples in 
Maximum Recovery Diluent {MRD}(Iml sample: 9 ml MRD). 
Lactic acid bacteria were enumerated on double"layered pour plates of MRS agar and 
incubated aerobically for 3 days at 30"C. 
Lactobacillus plantarum starter culture was selectively enumerated on MRS agar 
containing 100 IJ.g mr 1 rifampicin (Sigma, Netherlands) after incubating for 3 days at 
30"C. Lb. plantanmz·counts were only enumerated in triplicate for the final replicate. 
Coliforms were enumerated on MacConkey agar (MAC) (spread plate technique) after 
incubating aerobically for 24 hours at 37"C. 
Yeasts were enumerated: on Rose Bengal Chloramphenicol agar (RBCA) (spread plate 
,technique) after incubating aerobically for 3 days at 25"C. 
Samples of fermented product were screened qualitatively for potential amylolytic lactic 
acid bacteria on MRS agar containing 2% (.w/v) soluble potato starch (Sigma-Aldrich, 
Dorset, United Kingdom) as substrate. Lactobacillus amylophilus (NCIMB 11546) and 
Lactobacillus plantarum (ATCC 8014) were used as positive and negative controls 
respectively. After three days incubation at 30"C, 2 ml of a 50% Gram's iodine solution 
was poured on to the ·agar plates to detect starch hydrolysis (Agati, Guyot, Morlon-Guyot, 
Talamond and Hounhouigan 1998). 
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3.2.2.3 Identification of predominant microorganisms in LMW 
Lactic acid bacteria 
Cultures exhibiting different colony morphologies were purity plated onto fresh MRS agar. 
Individual colonies were Gram-stained and tested for catalase activity, Gram positive, 
catalase negative ·rods I cocci from the 0% BS treatment after 24 hours were further 
identified due to interest in their ability to grow and reduce the pH more rapidly than the 
inoculant. Pure cultures obtained were identified by using an API 50CH biochemical 
identification test kit (BioMerieux, France) according to the manufacturer's instructions. 
The ability of the strains to grow at 15 and 45°C and produce gas from glucose 
(determination of homo- I heterofermentation}(Miiller 1990) were tested for identification 
purposes. 
Coliforms 
To determine which Coliform type predominated the liquid wheat after the fermentation 
treatment, the predominant colony morphology from the highest dilution MacConkey 
plates from ·each treatment afier48 hours fermentation was purity plated' and examined for 
Gram reaction and morphology (n = 27). Pure cultures were tested for acid production 
(methyl red test) and ability to utilise tryptophan (Indole test) and subsequently were 
identified by using an A:PI 20E biochemical identification test kit (BioMerieux, France). 
Yeasts 
Two dominant colony morphologies from the RBCA plates (all treatments - 48 hours) 
were isolated and purity plated on Malt Extract agar for further identification, The strains 
were. examined for morphological and physiological properties with standard yeast 
identification methods. Utilisation ofcarbon and nitrogen sources in liquid Yeast Carbon 
Base (YCB) and Yeast Nitrogen Base (YNB) (Difco, Netherlands) were examined at25°C 
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on a rotary shaker at a speed of lOO r.p.m (Yarrow 1998). Saccharomyces exiguus and 
Candida milleri were distinguished from each other on the basis of their vitamin 
requirement. Strains were grown for 2 days in vitamin-free medium in order to deplete 
their vitamin reserves, and were then transferred to vitamin-free medium with one of the 
following vitamins; with biotin (20 Jlg r 1), thiamine (0:4 mg r 1), pantothenate (2.0 mg r 1) 
and /or niacin (0.4'mg 1[1). In this way it was deduced which vitamins were necessary to 
support growth. 
3,2.3 Data analysis 
Bacterial counts were log transformed :to fit a normal' distribution prior to statistical 
analysis, Results of the chemical analyses were standardised to grams per kilogram dry 
weight (g ki1 DM). Experimental data were analysed using a general linear model 
analysis of variance (GLM). 1I)ata were checked for homogeneity of variance and visually 
inspected for normal distribution. Significant differences between treatment means (P < 
0,05) were compared by Tu key's HSD test (Zar 1999). 
The Control and inoculated fermentations (0% BS) were analysed separately .to investigate 
the influence of the addition of the dual starter culture had on the fermentation. Students'!-
tests were used to compare Lb. plantaruin (ril) counts with the total lactic acid bacteria 
population. Relationships between measured variables were determined using Pearson's 
product moment correlation cocefficient. The statistical analyses were undertaken using 
Minitab v. 10.2 (Minitab Inc., Pennsylvania, USA, 1994), Least Squares Means plot was 
performed on the Coliform data to illustrate interaction of backslopping and time on 
population size using Statistica v. 5 (StatSoft Inc., Oklahoma, USA, 1995). 
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3.3 Results 
3.3.1 Wheat 
I:he wheat contained (g kg- 1) 117 moisture, 127 crude protein, 24 crude ash, 16 crude fat, 
28 crude fibre, 568 starch and 29 sugars_ 
3.3.2 lnffuence of inoculum on LMW characteristics 
Trhe effect of adding an inoculum on the fermentation characteristics of LMW is shown in 
Table 3.2. The inclusion of the inoculant significantly (P< 0.01) increased the total lactic 
acid bacteria (LM3) population at To compared with the uninoculated control. Lactic acid 
bacteria .(LAB) counts increased rapidly over the 48 hour steeping period with no 
significant difference between the control and inoculated fermentations at the 24 and 48 
hour sampling times. No rifampicin-resistant lactic acid bacteria were ,isolated from the 
Control I..;MW (< 3 log 10 cfu mr1). This confirmedthat rifampicin resistance was a suitable 
phenotype for tracing a starter culture through the fermentation process. 
The coli form populations in both the uninoculated and inoculated wheat increased 
significantly (P < O,QOI) over the first 24 hours of steeping (Table 3.2). Inclusion of the 
inoculum resulted in a significantly (P < 0.01) 'lower coliform .population after 48 hours 
compared with the Control fermentations, 5.8 compared with 6.7 log10 cfu mr1 
respectively. 
Yeast counts increased (P < 0.001) at comparable rates over the 48 hour steeping pe~iod, 
reaching levels of 7.1 and 7.4 in the control and inoculated fermentations respectively 
(Table 3.2). Addition of the inoculant had no influence on the yeast population. 
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Table 3.2 Comparison of microbial (log10 cfu mr 1) and chemical (g kg- 1 DM) composition of liquid milled wheat with (Inoc) and. without 
(Uninoc) lactic acid bacteria inoculant over48 hour steeping period. 
0 24 48 Significance 
Uninoc Inoc Uninoc Inoc Uninoc Inoc s.e.d • Treatment Time Interaction T 
Lactic acid bacteria 43" 6.4b 9.3" 9.3" 8.s• 8.63 0.12 *** *** *** 
Coliforms 3.o• 3.1 3 6.23 6.4b 6.73 5.8b 0.03 *** *** *** 
Yeasts 3.93 3.93 5.5" 5.3. 7.1 3 7.4. 0.19 *** 
------------------------------------------------------------- ------------------------------ -.----------- ---- --_------ :------ -------------- -------------------------------------------------
Dry rnatter (g kg-1) 2093 2123 2203 2133 1893 1863 7.0 * 
Ash 2.73 2.83 2.8" 3.o• 3.4. 3.5. 0.25 
Reducing sugars 6o.8· 61.63 59.o• 64.43 7.1 3 10.93 3.43 *** 
Total carbohydrates 743" 755• 7143 7273 650" 665" 16.2 ** 
Lactic acid 0.0" o.o• 32.0" 28.4" 54.1° 55.7" 2.88 *** 
Acetic acid 0.0" o.o• 3.4" 6.2b 4.8° 6.6b 0.35 **" *** * 
pH 5.9" 5.8• 3.93 4.2b 3.73 3.83 0.03 ** *** ** 
! •· b Within time block, means with the same superscript in the same row are not significantly different (P > 0.05); t Interaction= Treatment x Time 
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'Introduction of the inoculum resulted in a greater acetic acid concentration (P < 0.001) 
than the Control after 24 and 48 hours (P < 0.05) (Table 3.2). Acetic acid concentration 
increased (P < 0.001) between 24 and 48 hours, from 3.4 to 4.8 g kg·' DM respeciively, in 
the control but not significantly in the inoculated fermentations, 6.2 to 6.6 g kg- 1 DM 
respectively. 
The microbial production of organic acids, from the reducing sugars, during the steeping 
period resulted in a significant decrease in pH (P < 0.001) over time in both the Control 
and inoculated (0% BS) LMW (Table 3.2). The pH of the Control (3.9) was significantly 
lower (P < 0:05) after 24 hours when compared' with 0% BS LMW (pH 4.2). 1he 
difference in pH between treatments cannot be explained by total organic acid 
concentration alone as this was not significantly different (35.4 and 34.6 g kg- 1 DM for 
Control' and 0% BS LMW respectively) at T24 . However, after 48 hours there was no 
significant difference between treatments. 
Concentrations of dry matter, ash, total carbohydrates, reducing sugars and lactic acid were 
not affected by addition of the inoculum but were significantly affected by steeping time (P 
< 0.05). 
3.3.3 Influence of backslopping on LMWcharacteristics 
3.3.3.1 Effect ofbackslopping on microbial populations of LMW 
The effect of backslopping at different levels (0%, 20%, 33% and 42%) and time (0, 24 
and 48) on the microbial populations of liquid wheat is shown in 'Fable 3.3 with the main, 
effects ofbackslopping and time shown in Table 3.4. 
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Table 3.3 Microbial (log10 cfu mr1) and chemical (g kg-1 DM) composition of liquid milled wheat with increasing concentration ofbackslop over 48 
hour steeping period. 
Time 0 24 48 
Backslop (%) 0 20 33 42 0 20 33 42 0 20 33 42 s.e.d 
LAB 6.35b 8.3731 8.5531 8.63"1 9.25b 8.56"12 8.64312 8.78"1 8.56" 8.6832 8.7732 8.6831 0.06 
Lb. plantarum (rif) 6.11 7.40 7.60 7.741 7.82c 8.30"1 8.423b 8.54b 8.40" 8.2831 7.81 b 7.80bl 0.03 
Coli forms 3.09b 6.493 6.47" 6.69" 6.43 5.13 5.44 5.73 5.81 b <3.0" <3.03 <3.0" 0.06 
Yeasts 3.87b 6.423 6.533 6.57" 5.26b 7.42"1 7.49"1 7.52"1 7.423 7.5631 7.61 31 7.6231 0.16 
--------------------------- --------------------------------------------------- --------------------------------------------------- --------------------------------------------------- -------------
Dry Matter (g ki1) 21231 211 al 207"1 20231 213"1 186bl 193abl 193abl 186" 140b 188"1 181 al 7.7 
Ash 2.80"1 3.00"1 3.10"1 3.10"1 3.00"1 3.10"1 3.1031 3.30"1 3.40"1 4.30" 3.40"1 3.50al 0.23 
Carbohydrates 755 1 7361 711 1 7181 727bl2 639"1 651"1 649"1 70032 586b 624ab 640ab 16.5 
Reducing sugars 61.2al 49.0ab 48.2ab 28.0b 64.3 1 7.20"1 10.4"1 5.2031 10.8" 11.9"1 5.30"1 5.5031 4.48 
Lactic acid o.oob 16.63 19.6" 23.9" 28.4b 55.53 50.4" 57.631 54.53 85.2b 65.6" 65.831 4.11 
Acetic acid o.oo3 1.91 ab 2.89bl 3.49bl 6.21"1 4.70" 4.5832 1.76b 6.52"1 7.40" 2.93bl2 3.43bl 0.50 
pH 5.83 4.75 4.52 4.33 4.19c 3.72"1 3.74abl 3.78bl 3.82" 3.65bl 3.69abl 3.69abl 0.04 
'·
2
·
3 Within treatment, means in the same row are not significantly different (P > 0.05); a.b.c Within time blocks, means in the same row are not significantly different (P > 0.05) 
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Table 3.4 Factorial analysis for adjusted microbiological population means (log10 cfu 
mr
1) in fermenting liquid milled wheat with different levels of backslopping 
(0, 20, 33 and 42%) measured at three time intervals (0, 24 and 48 hours). 
a) main effect: Backslop (%) 
Backslo (%) 
0 20 33 42 s.e:d. p 
Lactic acid bacteria 8.1 a 8.5b 8.7b 8,7b 0.07 *** 
Lb. plantarum (rif) 7.4" 8.0b 7.9c 8.0b 0.03 *** 
Coli forms 5.1 a 3.9b 4.0b 4.lc 0.06 *** 
Yeasts 5.5" 7.1 b 7.2b 7.2b 0.18 *** 
b) main effect: Time 
Time (h) 
0 24 48 s.e.d. p 
Lactic acid bacteria 8.0" 8.8b 8.7b 0.06 *** 
Lb. plantarum (rif) 7.23 8.3b 8.1 c 0.03 *** 
Coli forms 5.7" 5.7" 1.5b 0.05 *** 
Yeasts 5.9" 6.9b 7.6c 0.15 *** 
a:b Within rows, means'With the same superscript are not significantly different (P > 0,05) 
*;I<* p < 0.001 
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Lactic acid bacteria counts increased rapidly over the initial 24-hour steeping period in the 
0% BS with a subsequent decrease between the 24 and 48 hour sampling periods {Table 
3.3). In comparison, the LAB numbers (log10 cfu mr1) in the backslop treatments rose in 
the 20% (8.4 to 8.7) and 33% (8.6 to 8.8) BS treatments over the 48 hours whilst no 
increase was observed with the 42% BS inclusion (8.6 to 8. 7). The factorial analysis 
showed that both backslopping and time had an effect on the increase in numbers of LAB 
{Table 3.4). 
The Lb. plantamm (rit) counts as a percentage of total LAB counts are shown in Table 35. 
The factorial analysis showed that backslopping alone had the greatest effect (P < 0!05) on 
the numbers of Lb. plantarum (rit). In the 0% BS, the addition of the two strains ofthe 
starter culture, 6.35 log 10 cfu mr 1 at To represented greater than 99% of the total LAB 
counts (as expected). In the 0% BS, the Lb. plantarum population grew at a slower rate 
over the first 24 hours than other LAB species present as it represented only 3.7% of the 
total lactic acid bacteria present at T24 from approximately 58% at T0 . During the second 
24 hours of steeping (0% BS) the total LAB counts and the Lb. plantarum counts were not 
significantly different. The rifampicin plate count confirms the presence of Lb. plantarum 
(rif) as the predominant species (76%). In the 0% BS fermentation the Lb. plantarum (rit) 
counts increased significantly over 48 hours (P < 0.001 ). The inclusion of higher 
concentrations of backs lop increased the counts of Lb. plantamm (rit) proportionally at T0 
(P < 0.001 ). Lb. plantarum (rit) counts in the backs lop treatments increased (P < 0.001) 
over the initial 24 hours of steeping and stabilised in the 20% BS treatment but declined in 
the 33% and 42% BS treatments (P < 0.001 ). 
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Table 3.5 Survival of Lb. plantarum starter culture (log10 cfu rn1" 1) during the fermentation of liquid milled wheat with increasing 
concentration of backslop over 48 hour. 
Time 0 24 
. 
Backslop (%) 0 20 33 42 0 20 33 42 
Total LAB t 6.35' 8.37' 8.55' 8.63' 9.25' 8.56' 8.64' 8.78' 
Lb.plantarum (rif) 6.Ub 7.40b 7.60b 7.74b 7.82b 8.30b 8.42b 8.54b 
-------- ----
... 
-----
%of total 57.5 10.7 11.2 12.9 3.7 55.0 60.3 57.5 
Pooled StDev 0.06 0.179 0.142 0.164 0.09 0.107 0.043 0.06 
Significance (P) ** ** *** ** *** * ** ** 
a.b Within column, means with the same superscript are not significantly diffe_rent (P > 0.05); t LAB- lactic acid bacteria 
ns = not significant, * P < 0.05, ** P < 0.0 I, *** P < 0.001. 
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. 
0 20 33 42 
8.56' 8.68' 8.77' 8.68' 
8.40' 8.28b 7.8lb 7.80b 
----------· 
69.2 39.8 11.0 13.2 
0.143 0.117 0.09 0.04 
ns ** **"' *** 
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Coliform populations in the backslop treatments dramatically decreased over 48 hours 
from approx. 6.5 log10 cfu ml-1 to below detectable limits(< 3 log10 cfu ml-1) (Table 3.3). 
In the 0% BS, coliforms increased over the initial 24 hours of steeping with a slight 
reduction in the subsequent 24 hours. Large numbers of coliforms were transferred from 
the pre-fermented wheat through the backslopping process to each of the backslop 
treatments. The lowest coliform numbers, after 24 hours, were found in the 20% BS 
treatment (P < 0.001). The factorial analysis demonstrated that the main effect of time was 
a reduction in coliform populations, 5. 7 to 1. 5 log10 cfu ml-1, in the 24 to 48 hour period 
(Table 3.4). The main effect of the addition of pre-fermented wheat was to reduce the 
coliform populations from 5.1 to approximately 4.0 log10 cfu mr1. Figure 3.1 illustrates 
the interaction between percentage backslop and time (P < 0 .001) on coliform numbers. 
Figure 3.1 Least squares plot showing the interaction of time and backslop (%) on 
coliform numbers in liquid milled wheat. 
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Yeasts, like the bacteria, were transferred across in high numbers in the backslopping 
process. Yeast numbers increased in the control to levels similar to those in the backslop 
treatments reaching 7.4 log10 cfu mr1 compared with 7.56, 7.61 and 7.62 Iog10 cfu mr1 in 
the 20%, 33% and 42% BS treatments respectively (Table 3.3). The main effect of 
backslopping was to increase (P < 0.001) the yeast populations from 5.5 (0% BS) to 
approximately 7.2 log10 cfu mr1 (Table 3.4). 
3.3.3.2 Effect ofbackslopping on chemical composition of wet wheat 
The effect of backslopping at different levels (0%, 20%, 33% and 42%) and time (0, 24 
and 48) on the chemical composition of wet wheat ·is shown in Table 3.3 with the main 
effects ofbackslopping and time.shown in Table 3.6. 
Dry matter ~DM) was lost through the fermentation process at different rates depending on 
the treatment. In 0% BS there was no loss of dry matter during the initial 24 hours of 
steeping but a 12.7% decrease (P < 0.001) in the subsequent 24 hours, The greatest dry 
matter loss in the treatments was found in the 20% BS fermentations. Dry matter was 
reduced by 25 ± 7.7 g kg· 1 (P < 0.05) after 24 hours and 71 ± 7.7 g kg· 1 (P < 0!05) after 48 
hours (Table 3.3:). This was equivalent to a total of 33.6% DM loss over the 24-hour 
steeping period. ';J;here was no significant difference between the 0%, 33% and 42% BS 
treatments in relation to OM concentration (Table 3.6). 
The ash concentration in the dry matter was inversely proportional to the dry matter loss (r 
= -0.852, P < 0.00 I). Hence, as the dry matter was reduced through fermentation the ash 
became more concentrated in relation to the dry matter. As expected, the ash content did 
not show any changes over the first 24 hours of fermentati01i. Although, during the second 
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Table 3.6 Factorial analysis for adjusted chemical composition means (g ki1 DM) and 
pH in fermenting liquid milled wheat with different levels ofbackslopping (0, 
20, 33,42%) measured at three time intervals (0, 24 & 48 hours). 
a) main effect: Backslop (%) 
Backslop (%) 
0 20 33 42 s.e.d. p 
Dry matter (g kg-1) 204" l79b 196"b 192"b 8.2 * 
Ash 3.1" 3.5" 3.2" 3.3" 0.25 ns 
Total carbohydrates 716.2" 647.7b 662.3b 668.9b 17.6 ** 
Starch 670.1" 624.3" 640.5" 656.2" 16.7 ns 
Reducing sugars 45.6b 23.2" 21.3" 12.9" 4.8 *** 
Lactic acid 28.3b 54.0" 45.3" 49.1" 4.39 *** 
Acetic acid 4.2" 4.7" 3.5•b 2.9b 0.54 ** 
pH 4.6b 4.0" 4.0" 3.9" 0.04 *** 
b) main effect: Time 
Time (hours) 
0 24 48 ·s,e.d. p 
Dry matter (g kg- 1) 208" 196" 174b 7.1 *** 
Ash 3.0" 3.1 a 3.7b 0.22 ** 
Total carbohydrates 729:7" 665.6b 624.2c 15.3 *** 
Starch 683.4" 644.3b 615.6b 16.7 ** 
Reducing sugars 46.7" 2l.7b 8,9c 4.15 *** 
Lactic acid 15.2" 48.3b 69.0c 3.80 *** 
Acetic acid 2.1 b 4.4" 5.2" 0.46 *** 
pH 4.9" 3.9b 3.7c 0.03 *** 
a,b,c Within rows, means with the same superscript are not significantly different (P>O.OS) 
ns =not significant, * P <.0.05, ** P < 0.01, *** P < 0.001. 
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24-hour period of the steeping process there was a significant increase (P < 0.001) in ash 
content from 3.1 to 3.7 g kg' 1 DM {Table 3.6). 
Both steeping time and backslopping had a significant effect on the concentration of total 
carbohydrates in the fermentations ("fable 3.3). The total carbohydrates reduced at the 
greatest rate (P < 0,00 I) over the first 24 hours in the backslop treatments whilst the rate of 
decline slowed in the second 24 hours. The greatest reduction in total carbohydrates, 
20.4%, was found in the 20% BS fermentations compared with 12.2%, 10.9% 7.3%, in the 
33, 42 and 0% BS fermentations respectively. Therefore, with increasing backslop 
addition there was a smaller reduction in total carbohydrates utilised in the fermentation 
process. The total carbohydrates in the control reduced by 3.6% in the first 24 hours and 
3.8% in the subsequent 24 hours. llhe starch fraction of the total carbohydrates present in 
the liquid wheat was reduced (P < 0.05) over the 48 hours of steeping. Both backslopping 
and time had an effect on the concentrations of reducing sugars in the fermentations. There 
Was a significant reduction (P < 0.001) in .the reducing sugar concentration in all 
treatments due to microbial metabolism. 
Lactic acid concentration dramatically increased (P < 0,00 I) with steeping time for all 
treatments. The final lactic acid concentration in the control had reached a level of 54.5 g 
kg-1 DM comparable to the concentrations found in the 33 and 42% backslop 
fermentations, 65.6 and 65.8 g kg- 1 DM respectively (s.e.d = 4, !I g kg- 1 DM) (Table 3.3). 
The lactic acid concentration in the 20% BS treatment after 48 hours, 85.2 ± 4.11 g kg- 1 
DM, is significantly higher W < 0.001) than all the other treatments (Teable 3.3). In 
relation to dry matter the lactic acid levels were high in the 20% BS treatment, but in 
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respect to grams per litre of LMW there was no significant difference with the other 
treatments, 
Acetate concentrations increased (P < 0.001) in all treatments over the first 24 hours with 
only a small increase (P > 0:05) in the subsequent 24 hours with the exception of the 20% 
BS treatment (P < 0.01) (Table 3.3). An increase in the concentration of backslop used 
resulted in a decrease (P < 0.01) in the concentration of acetic acid, 4.2, 4. 7, 3.5 and 2.9g 
kg" 1 DM forthe 0, 20, 33 and 42% backslop treatments respectively (Table 3.6). 
The pH at To of the wet wheat was inversely correlated to the concentration of pre-
fermented wheat added (P < 0.05). The higher the concentration of backslop added the 
lower the initial pH of the fermentation (P < 0.05) but this influence was eliminated after 
48 hours. The effect ofbackslopping on lowering pH remained' evident after 24 hours with 
all the backslop treatments having a lower pH ,than 0% BS (pH 3.8 and 4.2 respectively, P 
< 0:05) although the effect was eliminated by the 48 hour sampling point (Table 3.3). llhe 
lowest pH was attained in the fermentation containing 20% BS. The main effect from 
backslopping was a reduction in pH compared with the 0% BS (P < 0:001) (Table 3.6). 
The duration of time for the fermentation to reach pH 4 was greatly influenced by the 
treatment. Both the 20% BS and 33% BS treatments reached pH 4 within 8 hours of 
preparation whilst, 20 h was needed for the Control and 42% BS treatments and 34 h for 
the 0% BS treatments: 
Ethanol was measured in the supematant of the LMW and hence cannot be related back to 
dry matter, although a strong relationship would exist with overall ethanol content. Ethanol 
concentration increased I 0-fold in the second 24 hour period of the fermentation in both 
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the control and 0% BS treatments, from approximately 20 to 200 mmol r1 (Figure 3.2). 
Initial ethanol concentration in the 20, 33 and 42% BS tanks was positively correlated to 
the quantity ofpre-fermented wheat added at To. 
Figure 3.2 Changes in ethanol concentration (mmol r1) in the supematant of the LMW 
during fermentation with and without different inclusions of backslop (B: 0, 
20, 33 and 42%) and in the uninoculated fermentation (Control). 
1 0 20 30 40 50 60 
Time (hours) 
! - control - 8(0) - 8(20) ....,. 8(33) -8(42) I 
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3.3.3.3 
Fermentation of liquid: milled wheat 
Relationship between backslop treatment, temperature and pH in 
LMW 
Depending on the treatment, fermentation temperature in the storage tanks declined at 
different rates from the initial temperature of the water added (30"C) to room temperature 
(24 ± 1 "C) as illustrated in Figure 3.3. The fermentations containing the backs lop 
inoculum retained their heat longer during the first 24 hours compared with the treatments, 
control and 0% BS (Figure 3.3a). Depending on the treatment, the pH of the fermentations 
declined at different rates to a final pH of approximately 3.8. llhe initial pH for the 
backslop treatments differed at To according to the quantity ofpre-fermented wheat added 
(Figure 3.3b). 
3.3.3.4 Correction for dry matter of fermented LMW 
The changes in total weight (kg), total weight of corrected dry matter (kg), total' weight of 
moisture (kg) and gross energy (MJ kg· 1 wet weight) during the 48 hour fermentation of 
different treatments of liquid milled wheat are shown in Table 3.7. The 48h fermentation 
appears to result in a loss of 2% of the gross energy of the diet, irrespective of treatment {P 
> 0.05) (Table 3.7). The results of the 20% BS treatment may be an anomaly, 
demonstrated by the large variation in the data. 
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Figure 3.3 Changes in temperature and pH over 48 hour steeping time. 
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Table 3.7 Changes in total weight (kg), total weight of corrected dry matter (kg), total 
weight of moisture'(kg) and gross energy (MJ kg- 1 wet weight) during the 48 
hour fermentation of different treatments of liquid milled wheat. 
Treatments 
Control Oo/oBS 20%BS 32%BS 42%BS 
Total weight (kg) 
0 hour 20.00 20.00 25.00 30.00 35.00 
48 hour 17.90 18.90 26.40 30.00 35:00 
To -T4s -2.10 -1.10 +1.40 0:00 0:00 
Total weight of corrected dry matter (kg)f 
0 hour 4.17 4.25 5.35 6.36 7.29 
48 hour 3.57 3.71 4;QJ 6.36 7.29 
To -T4s -0:60 -0:54 -1.34 0.0 0:0 
Total weight of moisture (kg)f 
0 hour 1i5.83 15.50 19,65 23.64 27.71 
48 hour 14.33 15.'19 22.39 23.64 27.7'1 
1'o-T4s -1.50 -0.3'1 +2.74 0.00 0.00 
Gross energy (MJ kg-1)¥ 
0 hour 6.33 6.42 6.46 6.38 6.40 
48 hour 6.22 6.25 5.57 6.22 6.22 
Ratiot 0:98" 0:98" 0.86a 0.98a 0.98a 
1 Ratio (Gross energy T48 I Gross energy T0);' Within rows, means with a common superscriptare 
not significantly different (s.e.d = 0:05, P > 0.05). 
t 'fotal weight cDM (kg)= Total weight (kg)* (cDM I 1000), where cE>M (g kg'1) = DM (g kg-1) + 
0.08 (lactic acid gkg- 1) + 0.50(VFA.g kg-1) +LOO( ethanol g kg-1) 
f Total weight of moisture (kg}= Total weight (kg)- Total weight cDM (kg) 
¥GE (MJkg-1) = 23.6(crude protein)+ 39.6(crude fat)+ 17.5(starch) + 15.7(sugar) + 1'5.2(1actic 
acid)+ 14:6(acetic acid)+ 29.8(ethanol) 
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3.3.4 Identification of the predominant microbial species. 
Lactic acid bacteria 
The Lb. plantarum (rit) was identified as previously described. The two dominant colonies 
on the plates from the control (no inoculant) at 24 hours were identified by the APT 50CH 
biochemical tests. llhe first isolate was identified as Lactobacillus paracasei subsp. 
paracasei (good identification, 95.8% Id.). The second isolate was identified as either 
Lactobacillus plantarum (68.7% Id.) or Lactobacillus brevis (3:1.2% Id.) with an excellent 
identification to the genus being reported by API. The isolate was confirmed as 
Lactobacillus plantarum due to the absence of gas production from glucose. 
Amylolytic lactic acid bacteria 
No colonies were found demonstrating the ability to ferment starch on the MRS-starch 
plates. 
Coliforms 
All isolates (11 = 27) were found to be Gram negative and the cultures tested negative for 
acid1 (methyl red) and indole .production. Based on the results of the preliminary 
'biochemical tests above, colony morphology and pigmentation on MacConkey agar, the 
strains were tentatively identified as Enterobacter cloacae which was subsequently 
confirmed by using an API 20E biochemical test strip on three randomly selected cultures. 
Yeasts 
Two different colony morphologies dominated the yeast plates. The first strain was 
identified as Saccharomyces exiguus. S. exiguus is commonly misidentified for Candida 
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milleri from which it can distinguished by molecular methods and by its vitamin 
requirement. 17his strain was distinguished from the similar C. milleri, by its requirement 
for biotin alone as an external growth factor. Candida milleri requires biotin and 
pantothenate, with some strains requmng thiamine. The production of ascospores on 
McCla~·s acetate agar excluded C. milleri and confirmed the identification of S. exiguus. 
The second dominant yeast was initially identified as the rare Kluyveromyces delphensis 
but subsequent identification by 16sRNA fingerprinting ~Lachance, LSU, Ontario) 
identified the strain as Candida glabra/a which is phylogenetically similar to Kl. 
delphensis. Candida glabrata can only ferment glucose and trehalose. Aerobically C. 
glabrata also .grows on ethanol and slowly on gluconate. The essential vitamin 
requirement is biotin, thiamine, pyroxidine and niacin. 
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3.4 Discussion 
Fennentation of the LMW was not dependent on the inclusion of.a starter culture as the 
Control fennentations contained an adventitious lactic acid bacteria micro flora that rapidly 
grew and produced lactic acid that concomitantly decreased the pH. The present 
investigation has shown that steeping of wheat is characterised by a rapid initiation of 
fennentation resulting in a product that is high in lactic acid bacteria and yeast, high lactic 
acid concentration and a low pH. 
Chemical composition ofLMW 
This trial demonstrated that pH decline in liquid wheat· was rapid. The initial pH ofthe 
inoculated LMW was j,8, with the pH declining to 3.8 after 48h fennentation. Scholten et 
al. (200 I b) reported that the fennentation of a liquid grower diet and liquid finisher diet, 
having initial pH values of 5.7 and 5.6 respectively, resulted in a reduction of pH to 4. 7 
and 4.4 after 48 hours storage and to 3.8 and' 3.9 after 148 h storage under the same 
conditions. Therefore, the reduction of pH is inuch more rapid in the liquid milled wheat 
compared with .the fennentation of liquid compound diets. 
~he concentration of lactic acid, approximately 55 g kg·' DM in the final fennented' LMW 
,product, in this study was inuch lower than that reported by Scholten et al. (2001a~ in his 
liquid grower and liquid finisher diets, 129 and 92 g kg- 1 DM respectively. The 
experimental conditions were similar (same tanks and housing facility) with· the exception 
of the duration of the study. The very rapid production of lactic acid and low buffering 
capacity of the LMW may have resulted in the inhibition of the lactic acid bacteria, thereby 
reducing further acid production (Vandevoorde, Vande Woestyne, Bruyneel, Christiaens 
and Verstraete 1992). This needs to be further investigated, 
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In this trial, LMW showed a decrease in dry matter of 20 and 26 g kg- 1 for Uninoculated 
and Inoculated LMW respectively, during the 48h fermentation period. However, recently 
Scholten et al. (2001 a) found that liquid compound diets showed a decline of dry matter of 
2 Ll and 23.8 g kg- 1 for liquid grower diet and liquid finisher diet during a six-day storage 
period under identical conditions. Loss due to evaporation was minimised by covering the 
tanks with lids. CVB (1998) has assumed; based on limited information, that there is a loss 
of 8% lactic acid, 50% acetic acid and I 00% ethanol due to volatilisation during the 
procedure for determination of dry matter content In this study, the ethanol lost during the 
drying process ·cannot be estimated due to the sampling technique not allowing for DM 
content Jt may be assumed that a proportion of the dry matter lost was likely to have been 
due to the production of C02 by the yeast during the steeping process (Bamett, Payne and 
Yarrow 1990). 
The fermentation process will change the type of energy available to the pig from the diet. 
During storage, a- and P-amylases degrade wheat starch to dextrins and maltose (Lynch, 
Glass and Geddes 1962; Pomeranz 1992). In this study, starch content was reduced by 
93.2 and 90.3 g kg"1 DM for the Uninoculated (Control) and Inoculated (0% BS) LMW 
respectively. The relative decrease in starch content was 12-13% after 48 h, which was 
much lower than the relative decrease in starch of 24-27 % after 148 hours storage reported 
by Scholten et al. (2001a). This may have been due to the more rapid decrease in pH of 
LMW inhibiting the wheat amylase activity (pH optimum 6.8) more rapidly compared with 
the fermentation of compound diets. This corresponds with the results that demonstrated 
greater activity over the initial 24h of steeping, when the pH was significantly higher, than 
after 48h. The reducing sugars were transformed. into mainly lactic acid with smaller 
quantities of acetic acid and ethanol also formed. 
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The apparently anomalous results in Table 3.7 for the energy calculations of the 20% BS 
treatments would point to the fact that the calculations are dependent on the accurate 
determination of ash which constitutes only 2.4% of total dry matter. Therefore, very 
small differences in ash concentration will have a disproportionate emphasis on the result. 
This suggests that in future studies of this nature an inert marker (e.g. chromic oxide, 
titanium oxide) should be incorporated to the liquid milled wheat at large inclusion levels 
to provide a reliable internal standard. 
A number of trials with pigs (Russell et al. 1996; Jensen and Mikkelsen 1998; Geary et al. 
1999; Scholten et al. 1999) showed that the feeding of fermented products enhanced 
growth performance. Therefore, indirectly it may be assumed that the energy value of the 
diet has not been dramatically changed for the worse as may be suggested by the decrease 
in starch and sugars. Energy formulas for pig diets have been mainly developed for dry 
diets and therefore, do not take into account the.organic acids and ethanol' produced during 
fermentation. Based on these dry feed formulas, the energy value of the diet is 
.significantly reduced. In The Netherlands, the liquid feed energy formula accounts for the 
organic acids and ethanol (CVB 1998). ·In this study, based on the liquid feed energy 
formula, it can be observed that there was only a 2% reduction in the energy value of.the 
diet. This is in agreement With other published results that reported a similar small 
reduction in energy for fermented liquid feed (Jensen and Mikkelsen 1998; Scholten et al. 
200 I b). Furthermore, lactic acid may have other benefits to the pig in addition to an 
energy source (Brooks et al. 1999; Scholten et al. 1999). 
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Microflora of LMW 
Coliforms 
Fermelltation ofliqllid.milled wheat 
The inclusion of a starter culture had a significant effect on the coliform population in the 
fermented liquid milled wheat. After 48h fermentation, the coliform population was 
significantly lower in the Inoculated (0% BS) compared to the Uninoculated (Control) 
treatments (5.8 and 6.7 logiO cfu mr1 respectively). This may have been due to the 
increased (P < 0.01} concentration ofacetic acid present in the 0% BS treatment. Acetic 
acid (pK. 4.76) is a weaker acid than lactic acid (pK. 3.86) and therefore, atlow pH values 
a greater proportion of the acid is in an undissociated form, which has more inhibitory 
effects on bacteria than in the dissociated form (Adams and Hall 1988). Furthermore, 
mixtures of acetic and lactic acids have a synergistic antimicrobial effect, that has been 
attributed to lactic acid, the stronger acid, decreasing the pH and thus potentiating the 
effect of the acetic acid by increasing the proportion present in the undissociated form 
(Adams and Hall 1988). Alternatively, the inoculum Lb. plantarum and I or Pd. 
pentosaceus may have produced an additional antimicrobial product, such as a bacteriocin 
or a low molecular weight non-proteinaceous compound that· works synergistically with 
lactic acid in killing the coliform population (Niku~Paavola et al. 1999; Alakomi et al. 
2000). 
Elimination of the coli forms within 48 hours in the LMW was only achieved through 
'backs1opping. There were no significant differences between backslop treatmenis (20, 33 
and 42%)after 48 hours in relation to coliform counts. 
Enterobacter cloacae was identified as the predominant Enterobactericeae species present 
in the non-backslopped fermentations at 48 hours and the backslopped fermentations after 
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24 hours. llhis species makes a significant contribution in the microbial ecology of other 
traditionally produced foods (Mulyowidarso, Fleet and Buckle 1989; Achi 1992), E. 
cloacae has not been previously reported to be a pathogen in post-weaned piglets. 
Lactic. acid bacteria 
In the absence ofa specific test for Pediococcus pentosaceus it was difficult to quantifY the 
presence of this organism at the different times during fermentation. Gram stains of the 
predominant colony morphologies found· in the 0% BS at T 24· showed that Gram-positive 
cocci were the predominant micro flora at this stage of steeping. The Gram-positive cocci 
could be tentatively identified as the Pediococcus pentosaceus starter culture that was 
added~ along with the Lb. plantarum (rif). There were no Gram-positive cocci phenotypes 
found in the control (no inoculant) which further supported the identification of P. 
pentosaceus in the fermentations at T24 containing the inoculant. This concurs with the 
observations 6f Olsen et al. (1995) during the production of kenkey (fermented maize 
dough from Ghana). 
Survival of Lb. plantarum (rif) was followed through fermentation by plating on a selective 
MRS agar ·containing the antibiotic rifampicin. Lb. plantarum (rif) was one of two starter 
cultures inoculated at To into each of the fermentations. In the 0% BS fermentation the Lb. 
plantarum ·(rif;) counts increased significantly over 48 hours (P < 0.001) indicating that this 
starter culture can utilise the wheat carbohydrates as substrate and grow without any 
external nutrient requirements (e.g. vitamins) (Hofvendahl and Hahn-Hagerdal J:997). In 
the backslop treated fermentations the Lb: plantarum starter culture quickly dominated the 
ecosystem to become the predominant species (>50%) at 1C24, although by the end of the 
steeping process it formed a more minor role in the microbial ecology of the wet wheat 
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(<20%). Microbial succession supported other LAB to become dominant and the starter 
cultures to play a more minor role in the microbial ecology. 
Hounhouigan et al., (1993) reported isolating very few amylolytic lactic acid bacteria from 
mawe, a fermented maize dough. Although in a similar product, Johansson et al., (1995) 
found that amylolytic Lb. plantarum strains accounted for 14% of total lactic acid bacteria 
isolated from Nigerian ogi. Agati et al., (1998) isolated and characterised two new 
obligatory heterofermentative Lb. fermentum strains from fermented maize dough. This 
work concurs with Hounhouigan et al. (1993) despite the fact that starch is the major 
component of wheat no amylolytic lactic acid bacteria (LAB) were isolated from the 
fermented wheat using the aforementioned isolation technique. The lack of amylolytic 
LAB from the fermented wheat may have been due to the relatively low incubation 
temperature as previous studies have shown that optimum amylase activity, from a wide 
range of LAB, was in the range of 40-50"C (Agati et al. 1998). This assumption needs to 
be further evaluated. 
The relatively slow growth of the LAB in the Inoculated LMW compared to the Control 
LMW may have been due to the liquid inoculum being prepared in a glucose based 
medium. The major carbohydrate available to the lactic acid bacteria in the liquid milled 
wheat would 'have been maltose and dextrins as products of wheat starch, degradation 
(Lynch et al. 1962; Pomeranz 1992). Bonestroo et al. (1992) described an increase in 1ag 
phase and concomitant reduction in lactic acid production when a starter culture was added 
to an alternative carbon which they ascribed to low constitutive <levels of specific 
penneases and I or hydrolysing enzymes. The enzymes are evidently inducible, as lactic 
acid production and growth are observed after a prolonged period of time. The importance 
ofoptimising the efficiency of starter cultures suggests that this work should be repeated 
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using different carbon sources for inoculum preparation but also by addition of glucose to 
the wheat to supply the carbohydrate necessary for optimal performance of the liquid 
inoculum. 
Yeasts 
The two yeast species isolated have been previously associated with the microbial ecology 
of fermented foods. 
Saccharomyces exiguus is a ubiquitous organism found in soil, sewage, strawberries, grape 
must, sauerkraut, fermenting cucumbers and soft drinks (Barnett et al. 1990). It has been 
also been isolated from whole-crop maize during silage production (Middelhoven and van 
Baalen 1988). No reports of pathogenicity associated with this organism have been found 
in the literature. 
Candida glabrata has been considered a relatively non-pathogenic saprophyte of the 
normal flora Of healthy individuals, rarely causing serious infection. It has been identified 
as a dominant yeast species involved in the production of kenkey, (Hounhouighan et al. 
1993) and idli, a fermented batter from India (Venkatasubbaiah et al., 1985). There have 
been relatively few investigations of C. glabrata compared with other Candida species. 
However, recent reports have indicated that C. glabrata may be emerging as a major 
pathogen both in humans and other species (Fidel, Vazquez and Sobel 1999). In particular, 
this organism has been implicated with neonatal calf diarrhoea and associated mortality in 
a number of recent studies (Wada, Nakaoka, Matsui and Ikeda 1994; Elad, Brenner, 
Markovics, Yacobson, Shlomovitz and Basan 1998). Very little is known about the 
virulence of C. g/abrata in the monogastric, and virtually nothing is known about the :host 
defences directed against the organism (Fidel et al. 1999). 
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Commercial application of LMW 
The composition, digestibility, availability and economics of wheat make it an excellent 
feedstuff for pig diets with an inclusion rate between 20-40% depending on age. There 
have been very few studies on the fermentation of liquid milled wheat for pigs although, 
liquid wheat starch, a liquid eo-product originating from human food industry, is 
commonly used' in liquid feeding practice (Rijnen et al. 1998; Scholten et al. 1999; 
Scholten et al. 2001a; Scholten et al. 2001b). The limited information available suggests 
that lactic acid bacteria can utilise wheat successfully as a substrate without nutritional 
supplementation (Hofvendahl and Hahn-Hagerdal 1997). vhis study confirmed the 
potentiaJ,use ofwheat·as a feedstuff for lactic acid fermentation. 
There is a large potential for upgrading the value of wheat through fermentation of the 
water-soluble carbohydrate fraction to predomi!lantly lactic acid (Scholten, van der Peet-
Schwering, den Hartog, Vesseur and Verstegen 1998; Smits 2001). Fermentation has 1)ong 
been recognised' as a means of preserving foods (Jay 1996). The end-metabolites produced 
by lactic acid 'bacteria results in a decrease in pH and exclusion of potential spoilage and 
pathogenic micro flora (Stiles 1996). The inclusion of a fermented feedstuff to the 
remainder of ·the diet may inhibit potential spoilage and pathogenic microbes in the feed 
through the antimicrobial action of ~the organic acids. Benefits related to feeding a· diet 
which· is high in lactic acid bacteria, high in· lactic acid and'low in pH have been previously 
shown to positively effect daily gain,. feed intake and feed ·conversion ratio in pigs (Russell 
et al. 1996; Jensen arid Mikke1sen 1998; Scho1ten et al. 1999). 
To determine which treatment is the best both the economic implications of production and 
fermentation characteristics of ·the product need to be considered. The addition of pre-
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fennented' wheat ~backslopping) accelerated acidification of the LMW and excluded the 
potentially pathogenic colifonns within the 48h steeping period. The fennentation 
containing the 20% BS inclusion had a very rapid growth in LAB counts leading to the 
highest production of lactic acid and the quickest reduction in pH of all treatments. This 
rapid decrease in pH reduced the colifonn population the quickest, with the lowest counts 
of all treatments after 24 hours. 
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3.5 Conclusion 
The lactic acid bacteria were capable of producing organic acids, predominantly lactic 
acid, from the reducing sugars present in the wheat. The organic acids lowered the ,pH of 
the LMW and produced a hostile environment for the coliform bacteria. The inclusion of 
the starter culture resulted in a lower coliform population at the end of the steeping period. 
'fhe pH, lactic acid concentration and lactic acid bacteria numbers do not explain the 
mechanism of inhibition of coliforms. Inhibition may have been due to the slightly 
elevated concentrations of acetic acid present or other unknown anti-microbial 
fermentation products. 
Backslopping accelerated acidification of the LMW and was essential to produce a 
'biosafe' feed through the elimination of coliform bacteria within the 48 hour steeping 
period. The persistent survival of the coliforms in this study suggest that further studies 
are needed .to investigate the biosafety of liquid feed, in· particular the 'resistance' the 
fermented feed has to recontamination. In conunercial practice, the producer may wish to 
extend the initial steeping time to allow for a reduction in the coliform population before 
commencing the backs lopping process. 
In general, the loss of Gross Energy during fermentation of liquid wheat was limited to 2% 
of the initial energy value. 
The use of a fermented cereal opens the opportunities for producers that do not wish or 
have not the capacity to ferment the entire diet. Future studies will elucidate if combining 
the fermented wheat and. the remainder of the diet is beneficial to pig perforn1ance and gut 
health. 
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4.1 Introduction 
E. coli and Salmonella spp. are responsible for a number of transmissible and ·non-
transmissible pig diseases in the post-weaning period. A common route for potential 
microbial pathogens to enter the piglet is through the feeding of contaminated feedstuffs. 
Enteric disease as a result of E. coli and Salmonella is a major cause of economic loss in 
pig production, resulting in millions of pounds of lost income to the pork industry (Taylor 
1995). Public health concern about the spread of these microbial diseases through the food· 
chain to humans is currently of major importance. lio reduce the microbial contamination 
·of pork, a reduction of the prevalence of microbes through the whole pork production 
chain is needed (Mead 1999). 
Post-weaning diarrhoea, due to colibacillosis, occurs within I 0 days of weaning, often 
within 4-5 days of the change of diet. The diarrhoea is usually transient and resolves 
within 3-5 days but it may persist, and deaths from dehydration or septicaemia may occur 
in adverse husbandry conditions. In the United Kingdom, 20-50% of all weaned pigs may 
be affected, but mortality is usually less than I 0% of those affected. Even when diarrhoea 
is only transient, marked reduction in the rate of daily live-weight gain may occur in the 
remainder of an affected. group, Pure cultures of P-haemolytic F4 (K88) - positive E. coli 
can usually be isolated from the anterior small intestine or F5 (K99)- positive or F6 (987P) 
E. coli from the posterior small intestine in enteric colibacillosis·(Taylor 1995). 
Salmonellosis occurs as outbreaks of septicaemia, acute enteritis or chronic enteritis and 
wasting ·in pigs of all ages although is most common in pigs between weaning (21 days of 
age) and 3 or 4 months. Salmonella strains that have been reported in the United Kingdom 
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pig herd include S. typhimurium DT104, Dr1048, DT193, S, anatum, S. derby and S. 
goldcoast (Kidd 1997), 
Control of subclinical infection by these potential microbial pathogens has been achieved 
through the widespread use of antimicrobial agents although many of these are currently 
banned under EU legislation (Bolduan 1999). Heat treatment and pelleting of feed is 
widely used in the feed industry to reduce microbial numbers in feed at source. Although 
there have been calls for the use of irradiation .to sterilise animal feed, this approach has 
not been adopted. Neither 'heat treatment nor irradiation will protect feed against 
recontamination during storage and subsequent distribution. An alternative technique that 
does provide smile protection against recontamination. is to add organic acids to the feed 
(Gabert and Sauer 1994). This approach may be appropriate if a specific ingredient 
requires decontaminating but it may not be suitable for finished feed on the grounds of cost 
(Geary 1997). 
Bacterial fermentation of the water soluble carbohydrate fraction of the diet can be 
controlled to produce lactic acid, which may be a, more economical approach to ensuring 
that feed is protected from recontamination. Lactic acid bacteria play an important role in 
the production of many fermented foods (Jay 1996) and in the production of grass and 
maize silage for cattle (Woolford 1984). Lactic acid fermentation of foods generally is a 
low cost method of food preservation in which spoilage and pathogenic organisms are 
inhibited, mostly by acid production and pH reduction but also by lowering the oxidation-
reduction potential, competition for essential nutrients and possibly by the production of 
inhibitory compounds; antibiotic compounds and hydrogen peroxide (Lindgrer1 and' 
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Dobrogosz 1990). In general', lactic acid fermented foods have desirable organoleptic 
properties, and losses in nutritional value are small (Scholten et al. 1999). 
The combination of low pH and lactic acid has an antimicrobial' effect which enables 
fermented liquid feed (FLF) systems to resist contamination by pathogenic bacteria (Jensen 
and Mikkelsen 1998). Urlings and eo-workers (1996) concluded that the lise.ofmash feed 
with a pH lower than 4.5 and colonised with lactobacilli couldi prevent proliferation of 
enteropathogens at ,pen level. A large scale Salmonella prevalence study in The 
Netherlands identified that pig herds fed using automated liquid feeding of acidified by-
products and complete fermented liquid feed diets had an approximately n times lower 
risk of a Salmonella infection than herds fed non-fermented liquid or dry pelleted diets 
(van der Wolfet al. 11999). The authors attributed' the low Salmonella prevalence •to the 
organic acids present in the liquid feed. 
In an 'on farm' situation FLF may be maintained! as a continuous fermentation by retaining 
a proportion of FLF to act as an -inoculum for new feed. However, on many farms the 
temperature at which FLF is maintained is not regulated and -is subject to fluctuation. If 
not correctly prepared, liquid1 feed provides an ideal medium for the proliferation of enteric 
pathogens. E. coli and Salmonella spp. rapidly .proliferate in liquid feed over the initial 24 
hours of steeping before the lactic acid 1bacteria become established and decrease the pH of 
the feed (Moran; unpublished data; (van Winsen et al. 1997)). Russell et al. (1996) 
recommended that the liquid feed. be allowed to ferment for 3A days prior to feeding to 
pigs in order to allow the pH to decrease and coliforms to be excluded from the feed. 
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'Jo date there have been no large scale studies on the survival of pig pathogens, for 
example E. coli K88+ strains, in fermented liquid feed. In general, E. coli 0157: H7 is not 
considered to be a pathogen of pigs but there is a growing concern that the pig could be a 
potential reservoir of the organism. E. coli 0157:H7 is found in pigs and is frequently 
associated with an enterotoxin but is rarely verocytotoxin producing (Wray, McLaren and 
Carroll 1993). ln the pig, E. coli 0157: H7 has been shown to attach intimately to 
epithelial cells, ,primarily in the large intestine {'fzipori, Wachsmuth and· Chapman 1986; 
Francis, Collins and Duimestra 1996). 
In human .food production E. coli 0157: H7 is of major concern. E. coli 0157: H7 has 
been isolated from .patients whose illnesses have been epidemiologically linked to the 
consumption of contaminated fermented foods, specifically cultured yoghurt and dry cured 
salami (Dineen, Takeuchi, Soudah and Boor 1998). Oral transmission of E. coli 0157: H7 
from fermented foods suggests that pH reduction and I or competitive inhibition by starter 
cultures may not ensure the absence of this pathogen from food products (Dineen et al. 
1998). The link with fermented foods makes E. coli 0157:H7 worth including in this 
study. 
Previous work on the 'biosafety' of liquid feed has examined the survival of Salmonella 
spp. and, in particular, Salmonella typhimurium (Urlings et al. 1996; Hansen 1997; van 
Winsen et al. 1997~, Van· Winsen et al. (1997') found that S. typhimurium was killed in 
FLF after 6 hours. However, S. typhimurium survived and multiplied in non-fermented 
liquid feed during the first 10 hours of steeping. '!:hey concluded that without fermentation 
the liquid feed could become a vehicle for the transmission of Salmonella once it was 
contaminated with these organisms. Hansen (1997) concluded ·that it was not possible to 
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obtain reliable Salmonella decontamination by the combination of fermentation and added 
organic acids at 20°C. No study has examined the relationship between temperature and 
survival ofpotentialbacterial pathogens in FLF. 
Fermented liquid feed has numerous ways of becoming contaminated with potential 
pathogens. The steeping tank may become contaminated from bird droppings, 
environmental contamination, water contamination and most importantly from feed borne 
contamination when the tank is being replenished with fresh feed on a daily basis. 
Furthermore, the feed may become contaminated at the trough via faeces. The aim of this 
study was to investigate the ability of fermented liquid feed (FLF) to eliminate E. coli and 
Salmonella. The objectives of this study were to 
investigate the survival of porcine pathogens when introduced into liquid feed which 
was fem1ented,and maintained at different temperatures and 
investigate the survival of porcine pathogens when introduced into FLF that had been 
fermented for different periods of time. 
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4.2 Materials and Methods 
All microbiological media were obtained from Oxoid Ltd. (Basingstoke, England). All 
chemicals were obtained from Sigma-Aldrich Ltd. (Dorset, England~. 
4.2.1 Strains and culture conditions 
The E. coli and Salmonella strains used in this study are listed in Table 4.1. All strains 
were maintained at -80°C on cryogenic beads. On removal from -80°C freezer, all cultures 
were twice subcultured in Brain Heart Infusimi. broth (BHI) at 37°C for 24 hours prior to 
challenge. All cultures were checked for purity by spread plating on nutrient agar (NA) 
and tryptone soya agar (liSA) and incubating at 37°C for 24 hours prior to use. 
Table 4.1 Challenge strains of E. coli and Salmonella. 
Serotype 
Escherichia.coli K88 (99) 
E. coli K88 (I 00) 
E. coli K88 (I 0 I) 
E. coli K99 ( 185) 
E. coli K99 (230) 
E. coli 0157:H7 
Salmonella typhimurium DT·1 04B (342A) 
S. typhimurium DT 1 04B (342B) 
S. typhimurium DT 193 (20) 
S. derby (16) 
S. goldcoast (245) 
S. anatum (41A) 
Origin 
VLA, Exeter t 
Y.LA, Exeter 
VLA, Exeter 
VLA, Exeter 
V·LA, Exeter 
NC11C 12900 t 
VtA, Exeter 
VLA, Exeter 
VLA, Exeter 
VLA, Exeter 
VLA, Exeter 
VLA, Exeter 
1 Veterinary Laboratories Agency- Starcross, Exeter, England. 
1 National Cullure Type Collection, England. 
Pig faeces 
Pig faeces 
Pig faeces 
Bovine faeces 
Adult bovine faeces 
PHLS, Exeter 
Bovine isolate 
Bovine isolate 
Pig faeces 
Pig faeces 
Pig faeces 
Bovine isolate 
The Lactobacillus plantarlim (PC-81-11'-06) starter culture (A:lltech Inc., Kentucky, USA). 
was purity plated from an overnight MRS broth culture incubated at 30°C and subcultured 
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twice in MRS broth for 24 hours at the appropriate fermentation preparation temperature 
(20, 30 or 37°C) to ensure rapid.growth in the feed. 
4.2.2 Diet formulation and preparation 
Diet and diet preparation 
The diet used was a commercial first stage starter diet produced by ISCA Nutrition 
(Exeter, England). The declared nutrient composition of the diet was (g kg- 1): crude 
protein 220; crude fibre 25; total ash 65 and oil 79. The diet was supplemented with 
vitamins (i.u. kg- 1): vitamin A 15,000; vitamin D3 2,000 and vitamin E 15. The diet 
contained 160 mg kg- 1 copper as CuS04 as a growth ,promoter, but no growth promoting 
antibiotics. The meal was divided into 50 x 200g bags and sterilised by y-irradiation 
(25kGy) from a Coba1t60 source (Becton and Dickenson, Plymouth, England). Feed was 
testedl for sterility as previously described (Chapter 2). 
4.2.3 Simulated contamination challenge of FLF 
Preparation of fermented liquid feed (FLF) 
Liquid feed was prepared by aseptically transferring 200g of y-irradiated feed to a 
stomacher bag and adding 600 ml of sterile de-ionised water. Deionised water had been 
sterilised by autoclaving and was adjusted1 to the appropriate fermentation temperature. 
Filtered (0.2~-tm) C02 was added to flush out the excess oxygen from the headspace of the 
bag before the mixture was homogenised for 60 seconds in a Stomacher (Seward 
Laboratory, London, UK:). The mixture was inoculated with 0,8 ml of an overnight culture 
.of Lb. plantarum, as previously described, to give a final concentration of approximately 6 
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log1o cfu mr1 liquid feed. The inoculum was distributed throughout the liquid feed by 
homogenising for a further 30 seconds in the Stomacher. The mixture was transferred to a 
sterile I litre Nalgene jar with lid and incubated at the appropriate fermentation 
temperature(20,30 or 37°C) in a waterbath (Grant, England). 
Determination of viable Lb. plantarum counts was carried out immediately after 
inoculation and at 24, 48, 72 and 96 hours. Samples (I ml) of ·liquid feed were serially 
diluted in· Maximum Recovery Diluent (MRD) (9 ml) and viable counts estimated in MRS 
agar after 48 hours incubation at 37°C in 5% C02• 
Preparation of pathogen strains for challenge experiments 
Pathogen strains were prepared by subculturing I OOJ.!I of an overnight BHI broth culture 
into fresh BHI broth (lOml) and growing statically at 37°C for 18-20 hours to allow the 
culture to reach stationary phase. All strain population sizes were standardised prior to 
challenge. The optical density (A595) of the inoculum was adjusted using fresh BHI broth 
to OD= 1.4 giving a final concentration:of approximately 9 log 10 cfu: mr1·. 
E coli challenge 
A study was conducted according to a factorial design in which factor I was the 
temperature at which the liquid feed was fermented and maintained {20, 30 or 37°C); 
factor 2 was the length of time for which the feed had been fermented prior to the 
introduction of the pathogen (48 h, 72 h or 96 h) and factor 3 was the strain of E. coli 
introduced into the fermented feed ~K88 (99), K88 (100), K88 (101), 0157:H7, K99 (185) 
and K99 (230)), 
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The survival of£. coli introduced into the feed which had been fennented for 48, 72 and 
96 hours with Lb. plantarum at appropriate temperature (20, 30 and 37"C) was detennined. 
E. coli strains were grown to stationary phase (18hr, 37"C) and 3ml of a standardised 
culture was added to 50 ml of liquid feed. 
Preliminary study of selective media for enumeration of E. coli 
The potential for E. coli cells to have suffered sublethal injury when exposed to acidic feed 
was assessed by recovering on Tryptone Soy agar {TSA) agar for four hours before 
overlaying with Violet Red Bile agar (VRBA). Comparative isolation was assessed on 
VRBA alone. 
Main study 
Survival of E. coli strains was monitored by sampling immediately after inoculation' and at 
T = 15, 30, 45, 60, 75, 90, 105, 1120, 150, 180 and 540 minutes. Samples pml) were 
serially diluted in MRD (9ml) and spread plated (0.1 ml) onto VRBA, viable counts were 
estimated after 24 h aerobic incubation at 37°C. Fennentations without added E. coli were 
sampled as controls. Each experiment was carried out in triplicate. 
Salmonella challenge 
A study was conducted according to a factorial design in which factor I was the 
temperature of the fennentation had been conducted (20, 30 or 37°C); factor 2 was the 
length of time for which the feed had been fennented prior to the introduction of the 
pathogen (24 h, 48 h, 72 h or 96 h) and factor 3 was the Salmonella strain introduced into 
the .fennented feed (f)phimurium DTI 04B (342A) and (342B); typhimurium DT193 (20); 
anatum ( 41 A); derby( 16) and gold coast (245)). 
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After the appropriate duration (24 h, 48h, 72h or 96h) feed was fermented, 30 ml of liquid 
feed was aseptically transferred into sterile 50 ml centrifuge tubes (Elkay Ltd., Galway; · 
Ireland) for the challenge study. The FLF to be challenged was inoculated with 3mls ofan 
adjusted 18 hour culture (stationary phase cells) of the appropriate Salmonella strain. 
Preliminary study of selective media for enumeration of Salmonella 
The potential for Salmonella cells to have suffered sublethal injury when exposed to acidic 
feed was assessed by recovering on Tryptone Soy agar (TSA) agar for four hours before 
overlaying with Xylose bysine Deoxycholate{XLD) medium. Comparative isolation was 
assessed on XLD alone. 
Mai11 study 
The survival ·of Salmo11ella strains in feed ;prepared! and challenged at 20°C was monitored 
by sampling immediately after inoculation and at T = 2, 4, 6, 8, I 0, 11, 13, 15 and 18h. 
Survival of Salmonella strains, at 30°C and 37°C, was monitored bysampling immediately 
after inoculation and at T = 1'5, 30, 45, 60, 75, 90, 105, 120, 150 and 180 min. The 
numbers of surviving cells was estimated by serially diluting 1 ml sample in 9 ml MRD 
and spreading 0.1 ml of appropriate dilutions onto TSA. Plates were incubated for 4 hours 
at 37°C to allow recovery of injured cells and subsequently overlaid with XLD agar and 
incubated at 37°C for 24 hours. Fennentations without addedSalmo11ella were sampled as 
controls to ensure only the challenge organism was present. Each experiment was repeated 
in triplicate. 
198 
Chapter 4 Bactericidal effects of FLF 
4.2.4 Determination of organic acid concentrations andpH in FLF 
FLF samples (1 Oml) were removed from each fermentation at Time 0, 24, 48, 72 and 96 
hours. A sub-sample (I ml) was deproteinised by the addition of 0.2 ml of 25% (v/v) 
metaphosphoric acid and mixed. The sample was left at room temperature for 30 minutes 
before being centrifuged (Hereaus Biofuge, Hampshire, England) for 8 minutes at I2,000 
r.p.m. Samples (SOOf!l) of the supernatant were removed and added to 490f!l of SmM 
sulphuric acid and I Of!l of I OmM crotonic acid (retention time, external reference 
compound) in a HPLCvial. This mixture was mixed by vortexing for 5 seconds and stored 
at -20°C until samples were run on HPLC. 
HPLC analysis was performed using a Gynkotek P580 HPG pump and GINA 50. 
autosampler (Dionex, Cheshire, UK) and separations were achieved using an Aminex 
HPX~87H (300 mm x 7.8 mm i.d.) cation exchange column· (Bio-Rad, Herts, UK) 
connected to a Series 9050 UV detector (Varian Assoc., Surrey, UK) set at 2·1 Onm. The 
column was fitted with a guard column Arninex HPX-87H (30 mm x 4.6 mm i,d:) to 
prevent spoilage of the main column. Detection of individual components, with Smmol FL 
sulphuric acid as eluent at .a flow rate of 0.9ml min-1 at 55°C, was based upon retention 
index in relation to the crotonic acid external reference compound. This acid was selected, 
as it did not interfere with any peak eluting from the samples to be analysed. All 
calibrations were produced from peak height detern1inations using integration software 
(Chromeoleon,. Dionex-Softron GmbH, Germering, Germany). 
The pH of the remaining 9ml of FLF was measured by pH electrode ~annah Checker, 
Hannah Instruments Ltd., Leighton Buzzard, Bedfordshire, UK). 
I99 
Chapter 4 Bactericidal effects of FLF 
4.2.5 Data analysis 
Bacterial counts were log transformed to fit a normal distribution prior to analysis. Data 
were visually inspected for normal distribution. Survival curves were fitted with a line of 
best fit using a linear regression. Decimal reduction times (D- values) were calculated by 
taking the negative reciprocal of the slope from each regression line. For the E. coli data a 
two-way analysis of variance was conducted on the D - values with fermentation time and 
temperature being the independent variables and the D - values as the dependent variables. 
Analysis of variance or students' t-tests were performed to compare the survival rates of 
Salmonella, where appropriate, fo~ each fermentation temperature and time. One-way 
analysis of variance was used to compare the E. coli and Salmonella D - values at 30"C 
after 48 h and 72 h offermentation. Significant differences between treatment means (P < 
0.05) were compared by Tukey's HSD test (Zar 1'999). The statistical analyses were 
undertaken using Minitab v, 10.2 (Minitab Inc., Pennsylvania, USA, 1994). 
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4.3 Results 
Violet red bile agar (V:RBA) and tryptone soya agar (TSA) with an overlay of xylose 
lysine deoxycholate agar (XLD) were used to enumerate E. coli spp. and Salmonella spp. 
respectively. Preliminary studies indicated that plating for four hours on TSA was 
necessary to recover the Salmonella spp. but made no difference to the recovery of E. coli 
spp. These media, VRBA and TSA I XLD, were best at recovering the pathogens while 
concurrently preventing the growth of Lb. plantarum. Different strains of E. coli and 
Salmonella were selected to investigate if there was inter- and intra- species variation in 
relation •to survival in FLF. Growth of the six strains of E. coli and six strains of 
Salmonella in Brain heart .infusion broth (BHI) for 1'8 h at 37°C consistently provided' 
stationary phase cells at pH 5.8 from an initial pH 7.4 .. 
4.3 .. 1 E. coli spp. 
Influence of temperature. 
The temperature at which the feed was fermented and maintained had a pronounced· effect 
on ,the survival of E. coli ('Figure 4.1 - 4.3). At 20°C, all strains of£. coli tested remained 
at levels of approximately 8 log 10 cfu mr1 liquid feed for the 3 'h challenge period (Figure 
4.1 ). However, no suwivors were observed in the fermentations when examined after 540 
mm, It was not possible to determine the D2o'c values of the E. .coli strains from these 
data. At 30°C, a linear decrease at varying rates Was observed for all E. coli strains tested 
(Figure 4.2). Upon challenge, with the exception of E. coli K88 {lOO), there was a 5-log 
reduction of alii E. coli strains in liquid feed fermented at 30°C for 96 hours (Figure 4.2); 
Death rates for all E. coli strains tested significantly increased when challenge was carriedi 
out at 37°C (Figure 4.3) with a 5-log linear reduction of all strains within 120 m in 
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Figure 4. 1 Survival of E. coli strains in liquid feed fermented for 96 hours and maintained at 20°C. 
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of introduction to liquid feed fennented for 96 hours. The main effect of increasing the 
temperature ofliquid feed, from 30°C to 37°C, was a significant (P < 0.001) reduction in D 
-values from 35.8 min to 19.4 min (s.e.d = 3.19) respectively (Table 4.2c). 
Strain variation 
At 20°C, no differences in the survival curves. were observed over the 3"hour challenge 
period between the strains, as there was no inactivation (Figure 4.1 ), Considerable 
differences were observ.ed in the survivor curves of individual E. coli strainsin liquid feed 
fem1ented for 96 h at 30°C (Figure 4.2). At 30°C, numbers of E. coli I ml FLF declined at 
varying rates depending on strain (Figure 4.2) with strain K88 (100) being the most 
·tolerant (;D3o"c = 50.7 m in) and 0 157:H7 the most sensitive (D3o"c = •1 15.0 m in) (Table 
4.2a). 
Increasing the fennentation temperature to 37°C significantly reduced the survival of all 
strains (Figure 4.3). P>ll strains demonstrated a 5-log reduction within 120 min of 
challenge. E. coli OI57:H7 demonstrated the most sensitivity to the antagonism of 
fennented liquid feed (96 h) (837oc = I 0.3 m in) compared to the ·most resistant strains, K88 
(99) ( D37"c = 22.9 m in) and K88 (I 0 I) (D31"c = 24.3 m in) {Table 4.2b ). 
The two-way analysis of variance of the 30°C and 37°C decimal reduction data showed, 
irrespective of fennentation time, that the K88"" strains (mean = 23.3 min) survived the 
longest (P < 0.05) in the liquid feed independent of temperature followed by the K99+ 
strains (mean = 17.6 min). The E.. coli 0157:H7 strain had the shortest survival time (P < 
0.001) with an average 8- value of I 0.6 min {Table4.2c). 
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Table 4.2 
a) 30°C 
Strain 
K88 (99) 
K88 (IOO) 
K88 (lOI) 
K99 (I85) 
K99 (230) 
01·57:H7 
b) 37°C 
Strain 
K88 (99) 
K88 (I 00) 
K88 (IOI) 
K99 (185) 
K99,(230) 
OI57:H7 
Bactericidal effects of FLF 
Decimal reduction times for E. coli spp. in FLF prepared at two different 
temperatures (30°C and 37°C) and over three time periods (48, 72.and 96 
hours). 
Decimal reduction time m in) 
48h 72h 96h s.e.d p 
46.6 42.9 35.4 l.OI <O.OOI 
60.0 56. I 50.7 
44.21 36.91 30.2 1 
35.9" 21.9b I9.0b 
43.7' 38.I 1 28,8 1' 
20.6" 18.7" I5.0b 
Decimal reduction .time (min) 
48h 72h 96h s:e.d p 
25.2"1 23.7"1 22.9"1 0.96 <O.OOI 
26.I"1 23.6"1 I7.4b2 
22,5"2 24.3bl 24.3bl 
22.0"2 I6,6~2 I5.9b2 
22.2"2 14.6b2 14.1 h2 
I2.2"3 9~3b3 'I 0.3ab3 
c) Main effects table of decimal reduction times (min) 
Fermentation time 
Fermentation Main effect: s.e:d 
tern erature 48h 72h 96h temp 
30°C 4I.8"1 35.8abl 29.9bl 35.8 1 3.I9 
37°C 2•1.9" I8.7" 17.5" 19.4 
Main effect: ti1ne J!I .. 9" 27.2ab 23,7b 
s.e.d 1.84 
s,e.d for the inleraction between ferrnentation:time and ferrnentation:temperature = 1.84 
a,b, Within rows, means with a·common superseript are not significantly different (P > 0'05) 
1
•
2
•
3 Within colunms, means with a common superscript are not significantly different (P > 0.05) 
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Influence of fermentation time 
At 20°C, no differences were observed, as there was no inactivation of the E. coli and no D 
- values were obtained. The survivor curves illustrate the influence of fermentation time 
( 48 h, 72 h and 96 h) on E. coli K99 (230) strain at 30°C (Figure 4.4). An increase in 
fermentation time led to a significant reduction in survival for all strains at 30°C (Table 
4.2a). When examining the pooled 30°C and 37°C data, the main effect of increasing the 
length oftime liquid feed was fermented was an overall reduction (P < 0.05, s.e.d = 3.19) 
in the D- values between 48 h (31.9 min) and 96 h (23.7 min) (Table 4.2c). The effect of 
fermentation time prior to challenge was significant at 30 °C (P < 0.05) but not at 37 °C 
(Table 4.2c). 
Figure 4.4 
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4.3.2 Salmonella spp. 
The temperature at which the feed was fermented, and subsequently used for challenge, 
had a large influence on the survival of Salmonella spp in fermented liquid feed (FLF). 
The bactericidal effect of FLF on Salmonella spp. increased with an increase in the 
temperature at which the feed was fermented. Salmonella spp. challenged in feed which 
bad been fermented at 20°C for 96 b showed an extended mean survival time (786 ± 20.8 
min) whilst survivors could not be detected after 5 minutes in the feed when prepared for 
96 bat the higher temperatures of 30°C and 37°C. A summary of all results from the 
survival trials is presented in Table 4.5. 
Challenge at 20 CC 
In feed fermented for 96 h at 20°C, Salmonella spp. demonstrated a two-stage survival 
curve (Figure 4.5). There was an initial Jag shoulder for four hours followed by a log-
linear inactivation curve. 
Figure 4.5 
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The duration of time for which feed had been fermented prior to challenge (24h, 48 h, 72 h 
and 96 h) was highly significant at 20°C (example Figure 4.6). Feed fermented for 24 h or 
48 h did not inactivate the added challenge organisms over the 18 h test period. Increasing 
the time for which the feed had been fermented decreased the survival of the Salmonella 
strains (example Figure 4.6). The inactivation kinetics of strains introduced to the liquid 
feed prepared at 20°C for 72 hand 96 h were non-linear, having an extended Jag period (tL) 
prior to the period of inactivation (Figure 4.5 and 4.8). The magnitude of this lag period 
shoulder was dependent on the duration of fermentation time (Figure 4.6). The shoulder 
Jag was reduced by approximately 50%, from 8 h to 4 h, (Figure 4.6) on the increase in 
duration of fermentation from 72 h to 96 h respectively. 
Figure 4.6 Influence of fermentation time ( 48 h, 72 h and 96 h) on the survival of 
Salmonella typhimurium DTI 04B (342A) in liquid feed fermented at 20°C. 
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It was necessary that the survival times of Salmonella strains accounted for this IL, and 
consequently, D - values could not be determined for the survival curves due to the non-
linear inactivation. Therefore, for accuracy, time to a 5 log inactivation value (t50) were 
calculated using the-equation: t 50 = tL +50 to allow for the shoulder lag time (tL).and 5 log 
inactivation value (5D) of the survival curves (Buchanan and Edelson 1999). These values 
were divided by 5 to obtain an approximateD value (D*). 
Due to the large variation m the data for S. typhimurium DT 193 (20) there was no 
significant difference found due to fermentation time. Interestingly, S. typhimurium 
DT193 (20) survived the longest in feed fermented for 72 h ~D* (2o·q = 238.8 ± min), 
although in feed fermented for 96 h (D* (2o·c) = 147.6 ± min) it had the shortest survival 
time·(Table 4.3) of the stntins tested. There was no significant difference between the D* 
means of S. goldcoast (245) at 72 h and 96 h; whilst the other four strains had a 
significantly reduced survival times after challenge at 96 h compared to 72 h. 
Table 4.3 Estimate of decimal reduction times (:D*) (min) for Salmonella species in 
FLF prepared and maintained at 20°C for 72 and 96 hours. 
tso (min) 
Strain 72h 96 h s.e.m 
typhimurium DTI 04B (342A) 202 a 172 a 5.0 
typhimurium DH04B (342B) 191 a -1'62 a 2.1 
typhimurium DT193 (20) 239a 148 b 26.6 
derby (16) 185 a 1'50 b 15.1 
goldcoast (245) 163" 148 a 1.0 
anatum (41A') 193a 164 a 5.0 
'Within rows, means with a common superscript are not significantly different (P < 0.05), students !-test. 
2<10 
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Challenge at 30 'C 
The increase in fermentation and challenge temperature to 30°C dramatically reduced the 
survival time of all Salmonella strains and no survivors could be recovered after 5 min 
challenge from the liquid feed fermented for 96 h. The survival curves ofSa/mone/la spp. 
in FtF prepared for 72 h demonstrated a 5~Iog reduction in population size within 80 
minutes of incubation (Figure 4.7). The main effects from a factorial analysis of the D -
values of Salmonella spp. at 30°C showed a significant decrease in inactivation time with 
an increase in the time the liquid feed was fermented (Table 4.4). The survival of strains 
was greatly influenced by the duration the feed was fermented' prior to challenge with 
mean D- values of35.7, 21.5, 12.3 and< 5.0 min for strains challenged in .feed after 24 h, 
48 h, 72 h, and 96 h respectively (Table 4.4 and Table 4.5). All strains showed the same 
trend albeit with different D- values. 
Table 4.4 Factorial analysis of the decimal reduction times (D - value (min)) of 
Salmonella spp. in liquid feed fermented at 30"C over three time periods 
(24, 48 and 72 h). 
Fermentation time Main effect: 
strain 
Strain 24 h 48h 72h s.e.d 
typhimurium DT1048 (342A) 45.8 1 34.i 13.8 35.i 1.60 
typhimurium DTI 048 (3428) 36.82 2lf 12.7 23.72 
typhi1nurium DTJ,9J (20) 31.82'3 15.43 11.6 20.42,3 
derby (16) 3:J.21 25.82 11.3 24.42 
gold coast (245) 36.82 16.43 14.2 21.52'3 
ana tu m ( 41A) 26.03 15.1 3 10.2 17.53 
Main effect : time 35.7 21.5 12.3 
s.e.d = 0:65 
s.e.d for ihe interaction between fermentation time and strain = 1.49 
a.b.< Within rows, means with a common: superscript are not significantly different 
1
•
2
•
3 Within colunms, means with a common superscript are not significantly.different 
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Figure 4.7 Survival of Salmonella strains in liquid feed fermented for 72 hours and 
maintained at 30°C. 
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Challenge at 37 'C 
The further increase m fermentation temperature to 37°C reduced the survival of 
Salmonella with recovery of cells only possible from the 24 h fermented liquid feed 
(Figure 4.8). An attempt to recover cells from the 48 h and 72 h FLF by reducing the 
sampling time was unsuccessful, thus indicating a reduction from 8 log10 cfu ml-1 to 
undetectable levels within 5 min. Salmonella strains challenged at 37°C after 24 h 
fermentation demonstrated considerable variation in their inactivation kinetics (Figure 4.8). 
Salmonella derby (16) and S. goldcoast (245) survived the longest in the liquid feed, with a 
5-log reduction of approximately 135 min whilst S. anatum had a corresponding 5-log 
reduction in 90 min (Figure 4.8). 
2 12 
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Figure 4.8 Survival of Salmonella strains in liquid feed fermented for 24 hours at 37°C. 
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Summary of E. coli and Salmonella D - values 
A summary of all the D - values obtained in this study are shown in Table 4.5. Major 
differences can be observed between the species. The main difference appears to be that at 
20°C the E. coli spp do not survive as long as the Salmonella spp. But this survival 
characteristic is reversed at 30°C and 37°C whereby the E. coli spp. have a longer survival 
time in FLF compared with the Salmonella species. A one- way analysis ofvariance was 
used to compare the D3ooc - values of E. coli and Salmonella spp. challenged in liquid feed 
fermented for 48 and 72 h (Appendix 4.1). E. coli spp. were significantly (P < 0.001) more 
resistant to the antimicrobial properties of FLF than Salmonella spp., with mean D - values 
of 38.8 and 16.9 (s.e.d = 2.45) min respectively. Salmonella strains introduced into feed 
fermented for 48 h or greater, at 3 7°C, cannot be detected within 5 minutes whilst E. coli 
strains could be detected in feed fermented for 96 h. 
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Table 4.5 Summary table for decimal reduction values of};. coli and Salmonella strains challenged in FLF at three different temperatures (20, 30 and 
37°C) and fermented over four time periods (24, 48, 72 and 96 hours). 
Decimal reduction time values (min) 
20°C 
Strain 24 h 48 h 72h 96 h 24 h 48 h 
E. coli K88 (99) > 180 > 180 > 180 > 180 nd 46.6 
E. coli K88 (lOO) > 180 > 180 > 180 > 180 nd 60.0 
E. coli K88 (10 I) > 180 > 180 > 180 > 180 nd 44.2 
E. coli K99 (185) > 180 > 180 > 180 > 180 nd 35.9 
E. coli K99 (230) > 180 > 180 > 180 > 180 nd 43.7 
E. coli 0 157:H7 > 180 > 180 > 180 > 180 nd 20.6 
S. ryphimurium DTI048 (342A) > 1080 > 1080 201.6* 171.6 45.8 34.7 
S. typhimufium DTI 048 (3428) > 1080 > 1080 190.8 162.0 36.8 21.7 
S. ryphiinuriuin DT 193 (20) > 1080 > 1080 238.8 147.6 31.8 15.4 
S. derby (16) > 1080 > 1080 184.8 150.0 37.2 25.8 
S. goldcoast (245) > 1080 > 1080 163.2 147.6 36.8 16.4 
S. anatum (41A) > 1080 > 1080 193.2 164.4 26.0 15.1 
-
.. 
nd = not determmed ; < 5.0 =no survtvmg challenge organtsms were detected after 5 mm challenge 
• Estimation of D value (Table 4.3) for comparative purposes only; (Calculation: tm + 5 =D). 
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30°C 
72h 96h 
42.9 35.4 
56.1 50.7 
36.9 30.2 
21.9 19.0 
38.1 28.8 
18.7 15.0 
13.8 < 5.0 
12.7 < 5.0 
11.6 < 5.0 
11.3 < 5.0 
14.2 < 5.0 
10.2 <5.0 
37°C 
24 h 48 h 72h 96h 
nd 25.2 23.7 22.9 
nd 26.1 23.6 17.4 
nd 22.5 24.3 24.3 
nd 22.0 16.6 15.9 
nd 22.2 14.6 14.1 
nd 12.2 9.3 10.3 
23.7 < 5.0 < 5.0 <5.0 
24.4 < 5.0 < 5.0 <.5.0 
21.7 <5.0 < 5.0 < 5.0 
27.4 < 5.0 < 5.0 < 5.0 
27.1 < 5.0 < 5.0 < 5.0 
18.8 < 5.0 < 5.0 < 5.0 
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4.3.3 Growth of Lb. plantarum and concomitant acid production and pH 
reduction 
The Lactobacillus plantarum starter culture grew successfully in fermentations at all three 
temperatures (20, 30 and 37°C) (Figure 4.9). The growth of Lb. plantarum at 20°C 
progressed slower than at the higher temperatures and only reached a steady- state after 72 
h in comparison to 24 h for both 30 and 37°C. 
Figure 4.9 
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The pH of the liquid feed was reduced from pH 6 at time = 0 to below pH 4 for 
fermentations at aU temperatures by the 24 h sampling point. Notably the fermentations at 
20°C reached a minimum pH of3.8 whilst those at 30 and 37°C reached a level of3.6. 
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The Lb. plantarum starter culture was responsible for reducing the pH by converting the 
water-soluble carbohydrate in the pig feed into lactic acid. The acid production, rate and 
actual mmol rt concentration was dependent on the temperature at which the feed was 
fermented and the duration of fermentation (Table 4.6). Lactic acid concentration reached 
a steady state after 72 h for FLF prepared at 20°C and 30°C, whilst only 48 h was 
necessary for FLF prepared at 37°C. 
Table 4.6 Lactic acid concentration (mmol r t) ofliquid feed fermented for different 
time intervals (48, 72 and 96 hours) at different temperatures (20, 30 and 
37°C). 
Fermentation time Tern erature 
h 20°C 30°C 37°C s.e.d 
0 oat oat oat 10.1 
48 132a2 168b2 254c2 
72 192a3 224ab3 251 b2 
96 22933 232a3 25632 
a.b.c Within rows, means with a common superscript are not significantly different (P > 0.05) 
1
•
2
•
3 Within columns, means with a common superscript are not significantly different (P > 0.05) 
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4.4 [}iscussion 
This study has demonstrated for the first time the influence of temperature and the 
influence of time for which liquid feed was fermented prior to challenge on the survival of 
Salmonella and E. coli strains. Taken together the results show the importance for the 
producer of controlling the fermentation process when preparing fermentedl liquid feed. 
Currently, producers I farmers prepare and store fermented liquid feed in tanks without 
temperature control and therefore risk feed-borne pathogens surviving in the fermented 
food and being consumed by the· pig. Proper fermentation management has the potential to 
reduce significantly the risk of feed-borne colibacillosis and salmonellosis by excluding 
the bacterial contaminants from the feed. 
In this study, a large inoculum size was used to observe a 5-log reduction of the challenged 
pathogen. It is unlikely that a liquid feed fermentation would be contaminated to such .an 
extent if proper sanitary measures were undertaken. Faecal contamination of the trough by 
a scouring piglet could result in the introduction of a large inoculum and therefore this 
study can be viewed as a worst case· scenario. Furthermore, it is accepted that under static 
conditions, the growth of E. coli and Salmonella spp. in Brain Heart Infusion broth to 
stationary phase (18 h at 3 7°C, from an initial pH 7.4 to 5 .8) increases the acid resistance 
of the .cells (Buchanan et ale 1999). This is believed to be due to the organisms fermenting 
the glucose in the medium and acclimatising to their own acid end metabolites, which 
include lactic acid and SCFA. Therefore the challenge was conducted with the toughest 
possible strains. 
Results in this study indicate that the inactivation of both E. coli and Salmonella spp. was 
greatly influenced by the temperature at which FLF was fermented. The three 
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temperatures selected correspond to the following: 20"C is the proposed fermentation 
temperature of the Danish pork producers (Hansen 1997; van Winsen et al. 1997); 30"C is 
the temperature recommended by this research group (Brooks 1999) and 3 7"C is the 
optimum temperature for growth of the selected pathogens. At 20"C, neither E. coli nor 
Salmonella were reduced within three hours of challenge, although E. coli was excluded 
from the feed within nine hours and Salmonella within 18 hours, This was in agreement 
with previous work using Salmonella typhimurium as a-challenge strain (Hansen 1997; van 
Winsen et al. 1997). 
A 5-log decimal reduction, within the 3 hour experimental period, was only achieved by 
raising the temperature to 30°C and 37"C. In this study, 37"C was the best for inactivation 
of both E. coli and Salmonella spp, E. coli survived significantly longer than Salmonella 
spp in FI.;F prepared at 30"C and 37"C. The bactericidal activity of FLF increased with 
increasing fermentation time as evidenced by the decrease in survival of both E. coli and 
Salmonella species. Therefore, the recommendation from this work would be to ferment 
the liquid feed at temperatures above 30"C, preferably at 37"C, to ensure the rapid 
exclusion of both E. coli and Salmonella strains from the feed. 
The·duration of time for which feed had been fermented prior to challenge (24 h, 48 h, 72 h 
or 96 h) proved to be highly significant at all temperatures, although there was 
considerable variation in the response of different E. coli and Salmonella strains. In 
general, the greater the duration of fermentation the greater was the bactericidal activity. 
At 20"C, after feed was fermented for 24 h and 48 h, there was no reduction in Salmonella 
numbers over the 18 h challenge period. Increasing the time feed was fermented to 72 h 
and 96 h produced a bactericidal effect whereby there was a > 5-log Salmonella reduction 
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within the 18 h challenge. The increase from 72 h to 96 h in the time feed was fermented 
prior to challenge significantly reduced the t50 values from 966 ± 50.8 to 786 ± 20.8 min 
respectively. Interestingly, this increase in the time feed was fermented changed the shape 
of the survival curves. The Jag shoulder showing no inactivation of strains in FLF was 
significantly reduced in feed, which had been fermented for a longer period. 
At 30"C, the survival of both E. coli and Salmonella strains were significantly decreased 
with an increase in the duration of time feed was fermented prior to challenge. The 
bactericidal effect of FLF was greatest after 96 h fermentation prior to challenge for both 
E .. coli (DJo·c·96 " = 29.9 min) and Salmonella (DJo•c-96 h = < 5.0 min). When feed was 
fem1ented at 37"C, increasing the period for which feed was fermented prior to inoculation 
with pathogens did not significantly increase its bactericidal capability, with the exception 
of E. coli K88 (I 00). The Salmonella strains could not be recovered from the liquid feed 
fennented at 37"C for 48 h, indicating that they were very rapidly killed by the FLF, 
From these results, a recommendation for producers of FLF must be based on the 
temperature liquid feed is fermented. The implication of these results is that farmers 
should be advised that operating systems at 20"C is potentially dangerous, At this 
temperature pathogens ca11 continue to survive and will be capable of infecting animals 
consuming the FLF. This was in agreement with previous work which conducted 
challenge studies in liquid feed fermented at 20"C (Hansen 1997; van Winsen et.al. 1997). 
Pedersen ( 1998) recommended an 8 hour steeping time after backslopping before feeding 
based on the 'Danish experience' although the author does not refer to the temperature or 
initial fermentation time prior to backslopping. In order to reduce the risk of infecting 
animals FLF should be maintained at 30"C. Results in this study indicate that FLF should 
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be prepared for 96 hours at 30"C to obtain the maximum benefit. This was especially 
important in the rapid killing of Salmonella spp. At 37"C, no extra benefit was observed 
from fermenting the feed for longer than 48 h. 
It has been generally accepted that fermented liquid feed owes its antimicrobial properties 
to the lactic acid produced by the lactic acid bacteria and concomitant low pH (Geary 
1997; Jensen and Mikkelsen 1998), Currently, producers·of FLF use pH as an indicator of 
biosafety, with a feed of pH 4 considered to be safe (Brooks 1999). This study has shown 
thai a low pH and a high lactic acid concentration does not necessarily ensure product 
safety through pathogen exclusion as both E. coli and Salmonella strains will smvive, but 
not grow, for a significant period of time at pH 3.8 at 20"C. This observation concurs with 
the results of pathogen challenge studies in fermented foods for human consumption 
containing high concentrations of organic acids andr low pH (Nout et al. 1989; Adams and 
Nicolaides 1997; Antony et al. 1998; Kingamkono et al. 1•998} 
In this study, the death kinetics of both E. coli and Salmonella spp. at 30"C were similar in 
respect to shape of the death curve as that reported by others (Svanberg et a!: 1992; Antony 
et al. 1998), although the inhibition was more rapid in this study. This was an interesting 
observation because the pathogenic strains used in this study were subjected to an acid 
habituation prior to testing in FLF. Svanberg et al. ( 1992) demonstrated that extending the 
duration of fermentation exerted an additional antimicrobial effect on Salmonella, greater 
than acid and .pH effects alone, which were in agreement with the findings in this present 
study. Although, this contradicts the finding of Nout et al. (1989) who found no benefit 
from extending the duration of fermentation beyond the stabilisation of pH and lactic acid 
concentration. This observation may have•been inoculum strain dependent. 
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In addition to lactic acid, it appears that other antimicrobial metabolites may have been 
·produced in the FLF during fermentation. This was evident in the 30°C and 3rC 
challenge studies in which the lactic acid concentration and pH remained constant but the 
survival of the Salmonella strains was greatly affected. There was a significant decrease in 
the D - values of most strains when challenged in feed fermented for longer periods prior 
to challenge. Lactic acid bacteria are known to produce a wide variety of antimicrobial 
products such as bacteriocins in stationary phase (Lindgren et al. 1990; Vandenbergh 
1993; Niku-Paavola, Laitila, Mattila-Sandholm and Haikara 1999). In combination with 
the permeabilising effect of lactic acid these additional antimicrobials may account for the 
differences in death rates with other studies (Adams et al. 1997; Antony et al. 1998; 
Kingamkono et al. 1998). 
During their 'life cycle, E. coli and Salmonella can encounter various environmental; stress 
conditions, such as nutrient starvation, pH extremes, oxidative stress, osmotic stress, 
osmotic shock and temperature shock which may have dramatic effects on their survival 
and virulence. To persist in a changing environment a micro-organism must- sense change 
and react appropriately. Bacterial adaptation and survival require rapid alterations in gene 
expression to synthesise specific stress inducible proteins, in response to stimuli signalling 
changing environmental conditions (Foster 1999). 
The persistence of the potential pathogens at 20"C may have been due to a number of 
reasons. At sub-optimal temperatures for growth, the rate of enzymatic reactions, nucleic 
acid synthesis and the affinity of uptake and transport systems decrease, while the 
requirement for organic substrates increases (Cherrington, Cherrington, Hinton and Chopra 
1990; Uljas and Ingham 1998; Nedwell 1999). Therefore, lactic acid may not be as 
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effective as an antimicrobial at lower temperatures. Furthermore, prolonged survival may 
be related to the sudden temperature downshift, from 37"C to 20"C, inducing a cold-shock 
response that protects the cellular component from the low temperature and acidity of the 
feed. Cold shock inducible proteins are synthesised and involved in the maintenance of 
cellular functions such as protein synthesis and folding which are normally inhibited at low 
temperatures (Phadtare, Alsina and Inouye 1999), 
Differences in the tolerance levels of closely related strains to FLF in this study may be 
explained by changes in the lipid composition of the pathogen membranes (Brown, Ross, 
McMeekin and Nichols 1997; Jordan; Oxford and O'Byme 1999). Brown et al. (1997~ 
demonstrated that E. coli cells increased the cyclopropane fatty acid content of their 
membranes upon entry into stationary phase and the acid tolerance levels of individual 
strains correlated well with membrane cyclopropane fatty acid content. 
It is possible that the free amino acid and protein content of liquid feed may have a 
protective effect on the pathogens (Waterman and Small 1998). This may be an altemative 
hypothesis to the production of other metabolic end-products (e.g. bacteriocins) by Lb. 
plantarum in the feed during its stationary phase and help to explain the discrepancy in the 
decimal reduction times of pathogens with prolonged1 fermentation. So, rather than an 
additional product being formed that causes an antimicrobial effect, it may be that there is 
an essential nutrient reduced and hence, the pathogen cannot survive. The free amino acid 
content of the liquid feed is finite and may be reduced sufficiently over the 96 h 
fermentation to influence survival of the pathogens. The .fact that stationary phase E. coli 
cells become dramatically more acid resistant than Salmonella when challenged at low pH 
in complex media has been related to the glutamate-dependent acid resistance system 
thought to rely on glutamate decarboxylase (Foster 1999). Furthermore, the arginine and 
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lysine decarboxylase activities have been implicated with protection against bactericidal 
concentrations of organic acids in enterobacteria (Guilfoyle and Hirshfield 1996; Park, 
Bearson, Bang, Bang and Foster 1996; Bearson, Bearson and Foster 1997). 
Potentially the largest problem facing the post-Weaned' piglet in consuming inadequately 
prepared fermented liquid feed may be the survival of pathogenic bacteria. Cellular 
mechanisms governing the ability of some pathogenic bacteria to adapt to environmental 
stresses, including reduced pH, have also been linked with the regulation of expression of 
some bacterial virulence factors (Rathman, Sjaastad and Falkow 1996; Foster 1999; 
Durant, Corrier and Ricke 2000). These findings suggest a link between the ability of an 
organism to cause disease and its ability to survive environmental stresses. The question 
that needs to be addressed is "Are we replacing the current problem of antibiotic-resistant 
strains of pathogens with a potentially worse problem of acid-resistant .and highly virulent 
strains of the same or novel bacterial pathogenic species?" 
The results of this study and other studies ~Hansen 1997; van· Winsen et al. 1997) suggest 
that liquid feed can be considered a high risk food. There is an urgent need to develop 
standard operating parameters for the production of a 'biosafe' fermented liquid feed. This 
study has highlighted· fermentation• temperature and duration of fermentation prior to 
backs lopping or .post challenge as two critical parameters. Ideally, a hazard analysis and' 
critical control point (1-IACCP) program needs to be established to highlight all areas of 
potential risk associated with this type of food production. Features. of a fermentation 
programme designed to prevent the presence of bacterial pathogens in the finished product 
will have to include starter culture management, temperature and pH control during 
fern1entation and maintenance of a controlled sanitary fermentation environment. 
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Future work will have to investigate the importance of the following on the biosafety of 
FLF: highef fermentation temperatures (e.g. > 37"C); the survival of other potentially 
pathogenic bacterial strains (e.g. Campylobacter spp., Clostridium spp. and Lawsonia 
intracellu/aris); dilution effect from backslopping procedure; fermentation of feed using 
other lactic acid bacteria species; buffering capacity of feed; different feed ingredients. I 
diets, the role of specific amino acids; and presence I absence of permitted antimicrobials 
(e.g copper sulphate). 
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4.5 Conclusions 
This study demonstrated that fermentation is an effective mechanism for eliminating 
potential pathogens from liquid feed. The mechanisms behind the inhibition of E. coli and 
Salmonella spp. by Lb. plantarum in this study are unclear. However, it is likely that the 
combined effect of the large number of competing lactic acid bacteria, low pH and lactic 
acid concentration had the greatest influence on the pathogen population. There may have 
been an influence from the reduction of specific nutrients in the liquid feed and the 
production of other antimicrobial products by the Lb. plantanmz. 
Salmonella strains are more susceptible to FLF at 30°C and 37°C than are E. coli strains. 
As E. coli strains are putatively the largest cause of bacterial associated post-weaning 
diarrhoea, the fermentation management programme must include adequate steps to 
prevent their multiplication and survival through correct operating procedures. 
For •the commercial producer, a· fermentation program designed to prevent the presence of 
bacterial pathogens in the finished.product must include temperature regulation of the feed. 
The production of fermented liquid feed at low .temperatures, such as 20°C, could enhance 
the virulence of contaminating bacterial strains, which have the ability to survive for long 
periods in the fermented feed at pH 3.8. The best operating procedure observed in this 
study was 37°C with an initial fermentation period of 48 h to ensure the greatest biosafety. 
The pH of the feed should not be taken as a measure of biosafety without considering the 
temperature the feed was fermented and maintained. 
Further studies are necessary to elucidate the complex mechanisms of inhibition m 
pathogen exclusion from fermented liquid feed. 
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5.1 Introduction 
The past 30 years have seen a reduction in the weaning age of piglets from 8 to 3 weeks of 
age. Typical commercial practice is currently to wean piglets at 23 ± 2 days of age and 
thus increase the sow's productivity through an earlier return to service (Partridge and Gill 
1993). In nature weaning is a slow gradual process, but modem practice is often sudden 
and stressful with the piglet removed from the dam; moved to new accommodation; mixed 
with other piglets and introduced to a new diet. These stresses often result in postweaning 
growth check, enteric disorders, and increased mortality (Pluske et a/.1997). 
In the first week postweaning the piglet must become accustomed to a dry diet, which is in 
meal or pellet form, and mainly cereal-based (English et al. 1996), At first the piglets eat 
very little and maintenance requirements are not met. Fat, protein and energy reserves are 
mobilised, with a result in the regulatory systems switching over to a 'hunger response'. 
Generally by the second week, after the piglet has adapted to the new diet, feed efficiency 
Improves rapidly with a subsequent period of highly compensatory growth (Bolduan 
1999). 
This short period of low feed intake (relative to weight gain) is not dangerous to the 
weaner pigs metabolism (Bolduan 1999). Pigs are provided with adequate regulatory 
mechanisms and storage capacity to be able to cope with such situations but the intestinal 
microflora is very susceptible to stress and feeding fluctuations. 'Fhe intermittent passage 
of food during the hunger period and the subsequent hyperphagia generate excellent 
conditions for microbial proliferation. The microbial ecology present in the gastrointestinal 
tract becomes disturbed with a dramatic reduction in the lactobacilli populations and 
increase in the growth of potentially pathogenic coliform bacteria (Huis in't Veld and 
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Havenaar 1993). The piglet's defence mechanisms such as stomach acidity, pancreatic 
capacity or establishment of a beneficial microflora in the colon are still underdeveloped 
and the animal ofienbecomes ill. 
Until recently, the industry managed the problem by the use of prophylactic antibiotics 
~Hardy 1999). With the EU ban on the use of four antibiotic feed additives and the.phasing 
out of the quinoxaline derivatives carbadox and olaquindox in 1999, a substitute for growth 
promoters is being sought for piglet husbandry. Probiotics, organic acids, yeast cell walls 
and liquid feeding are often suggested as alternatives to .the use of antibiotic growth 
promoters (Jensen and Mikkelsen 1998). 
Numerous studies have demonstrated performance improvements of weaner pigs fed· a 
liquid rather than dry form of the same diet (Jensen et al. 1998). It has been suggested that 
this improvement was due to the increased utilisation of the liquid diet by the pigs (Gill, 
Brooks and Carpenter 1987). Post weaning starvation is believed to be reduced if the 
piglets are offered a liquid diet as the consistency is similar to milk (Sissons 1993). Feed 
interval also appears to be very important with small frequent meals being preferable for 
performance and health. Improved digestibility of a milk-cereal based liquid diet was 
achieved from hourly compared to four-hourly feeding (Thorpe, Miller and Schulze 11998), 
Furthermore, Manners (1970) found that if piglets were allowed to eat as much as they 
wished on a twice daily feeding regimen (12-hourly) this often resulted in post-weaning 
diarrhoea. 
Benefits from feeding fermented liquid feed (FLF), which is characterised by high 
numbers of lactic acid bacteria and yeast, a low pH and a high concentration of lactic acid 
228 
Chapter 5 Fermented feed and piglet perfonnance 
(Geary 1997), appears to be multi-factorial. Scholten et al. (1999) have recently reviewed 
the possible modes of action of fermented liquid diets-on the performance of the pig. The 
benefit from excluding the coliforms from the diet, reducing gastric pH and a high lactic 
acid concentration in the stomach inhibiting pathogen proliferation reduces the potential 
for a disease challenge. The high numbers of lactic acid bacteria in the diet may also lead 
to a more stable 'friendly' microflora throughout the gastrointestinal tract (Scholten et al. 
1999; Brooks et al. 2001 ). FLF has been found to reduce the incidence of scouring in 
weaner pigs, suggesting that FLF may be a possible alternative to prophylactic antibiotics 
('Jensen and Mikkelsen 1998; Scholten et al. 1999). 
A further benefit to feeding liquid diets appears to be the positive effect on the small 
intestine mucosal structure. Studies have found that villus height remained relatively 
stable if piglets were weaned onto a liquid compared to a dry diet (Deprez, Deroose, 
Hen de, Muylle and Oyaert 1987). Other research has focused on maintenance of nutrition 
and nutrient intake after weaning, in both liquid and dry feeding regimes, and found a 
positive correlation between voluntary food intake and both villus height and crypt depth 
(Kelly et al. 1991 a; Pluske et al. l996a; Pluske et al. l996b ). It has not been conclusively 
established if the benefits of FLF on gut morphology are due to a reduction in latency to 
first feed, feed intake or a trophic response from the lactate in the diet and I or short-chain 
fatty acids and lactate produced by the resident microflora (Pluske et al. 1997; Jensen and 
Mikkelsen 1998; Scholten et al. 1999). 
The aim of this study was to improve the performance of weaner pigs without the use of 
prophylactic antibiotics. 
The objectives of this study were to investigate the effects of 
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• feeding diets in either a liquid or pelleted form 
• feeding liquid diets with or without prior fermentation of the feed 
• feeding liquid diets in meals, with different inter-meal intervals 
on the growth performance and gastrointestinal ecophysiology of the post-weaned piglet. 
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5.2 Materials and Methods 
5.2.1 Experimental design and treatments 
Seventy-two (Duroc (12.5%) x Landrace (50%) x Large White (37.5%)) piglets with an 
initial mean weight of 6.2 ± 1.25 kg were obtained from a commercial pig unit with 
minimal disease status. Sixty-four piglets, that had no access to creep feed~ were weaned 
at 22 ± l days of age in .groups of eight and housed on perforated floors in a controlled 
environment building. The remaining eight piglets remained with their dam. 
Forty-eight piglets (in groups of eight) were fed a liquid diet which was either freshly 
prepared on a daily basis (non-fermented; NFLF) or which had been fermented (FLF). 
Each group of eight pigs was randomly allocated into two groups offour, receiving either 
fermented or non-fermented liquid feed, and fed at either 1-, 4-, or 12-hourly intervals (I h, 
4h, 12h). 
Table 5.1 Factorial design of different diet types (non-fermented liquid feed and 
fermented liquid feed) fed at different time intervals (1 1h, 4h, 12h). 
Dietary treatment 
Time Interval (hours) Non-fermented Fermented 
4 
12 
Total 
4 X 2(Duplicate) = 8 
4 X 2(Duplicate) = 8 
4 X 2(Duplicate) = 8 
24 
4 X 2(Duplicate) = 8 
4 X 2(Duplicate) = 8 
4 X 2rouplicate) =·8 
24 
During this trial problems were encountered during the first I and 12-hourly replicates 
with stimulating feed intake due to individually penning the piglets at weaning .. For 
subsequent replicates piglets were penned in groups of four for the first 2 days followed by 
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12 days in.an individual pen. Each time interval trial was duplicated {Table 5.1), making a 
total of six trials. 
Sixteen piglets, housed in pairs, were fed the experimental diet in a dry peiieted form, on 
an ad libitum basis. This facilitated a direct comparison between the performance of 
piglets offered the;same diet in either a liquid .or a dry form. 
A litter of eight piglets were left unweaned and were aiiowed to continue suckling their 
dam, without access to creep feed, for a further two weeks (from 3 to 5 weeks of age). 
These piglets were used as a comparison, to analyse for any possible effects of weaning on 
the gastrointestinal 'ecophysiology'. 
5.2.2 Diet and diet preparation. 
The experimental diet was a specially formulated milk/cereal based piglet diet (Pamutt 
Feeds Ltd., Lincolnshire, UK; diet specification in Table 5.2 and 5.3) for the purpose of 
this triaL Piglets were fed' the experimental diet for the duration of the trial period. 
Non-fermented liquid feed was prepared as foiiows. Meal was mixed with water, in a ratio 
of eight litres of water per kilogram of feed, to produce the liquid feed. Fresh feed was 
prepared daily and the tank emptied and cleaned between batches to minimise the 
possibility of uncontroiied fermentation by microorganisms indigenous to the feed. 
Fermented liquid feed was prepared as foiiows. A spontaneous rifampicin resistant mutant 
of Lactobacillus plantar:um (PCc8l-ll-06, Alltech Inc., Kentucky, USA) was used as the 
starter culture for the preparation ofFLF in this trial (Chapter 2). BHore being used as an 
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Table 5.2 Composition of the experimental diet fed as either a liquid meal or in a dry 
pelleted form. 
Ingredient 
Presco Wheat 
Starch 
Demineralised Whey 90 
L T94 Fishmeal 
Denatured Milk - A 
Dried Whey (Bulk) 
Pot Protein (Roquette) 
WPC 75 (Aiacen 132) 
FF Whey 50 (Lard) 
Soya Oil 
Pig ST 210 Supplement 
Limestone 
Bl. C. Phosphate 18 
D.L. methionine 
Sugarmate Dry 
LcThreonine 
Pignectar Dry (flavouring) 
L-Lysine 
Total 
Inclusion (g kg- 1) 
300.0 
206.0 
145.0 
100.0 
82.0 
41.0 
30.0 
28.0 
25.0 
20.0 
10.0 
5.5 
3.5 
1.2 
1.0 
0,7 
0.5 
0:5 
100:0 
Table 5.3 • Proximate analysis of the experimental' diet. 
Feed.component 
Protein 
• 
from milk 
from fish 
from cereals 
Essential amino acids 
Lysine 
Methionine and ·Cystine 
• Threonine 
Tryptophan 
Isoleucine 
Leucine 
Sugar 
Lactose 
Starch 
Oil 
Fibre 
Ash 
Moisture 
NDF 
Salt 
Copper 
Selenium 
Choline 
Digestible energy (DE) 
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198.0 
93.0 
71.0 
34.0 
14.0 
8.4 
9.4 
2.8 
9.8 
16.6 
215,0 
200.0 
362.0 
50.0 
8.4 
45.0 
85.0 
36.0 
7.0 
180mg kg· 
0.54 mg kg" 1 
1.30g kg" 1 
16.4 MJ Kg· 
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inoculant the starter culture was propagated twice in 250 ml MRS broth for 24 hours at 
30°C. 
Meal was mixed with water, in a ratio of eight litres of water per kilogram of feed, to 
produce the liquid feed. The inoculum was subcultured overnight in 450 ml MRS broth at 
30°C. The feed was mixed for I hour and theh inoculated with the 450 ml liquid 
Lactobacillus starter culture to give a final concentration ofbetween 6 and 7 Iog, 0 cfu mr 1 
liquid feed. The inoculated feed was fermented for 96 hours, at ambient temperature 
(25°C), with twice daily mixing to allow for the proliferation of the lactic acid bacteria. A 
continuous fermentation system was maintained for the duration of the trial. The volume 
of the feed in the mixing tank was strictly managed to ensure that the volume did not go 
below 0.5 of the total original volume. Meal and water were added, in the correct 
proportions, to the residual feed in the tank at the .end of each 24-hour feeding period. The 
tem1'backslopping' is used to describe this process. The temperature of the water entering 
the fermentation was approximately 25°C to reduce ·the possibility of disrupting the 
fermentation process through cold shocking the lactic acid bacteria. 
5.2.3 Monitoring offeed. 
~he temperature of the feed and the room environment was monitored hourly using a 
Squirrel data logger (Grant instruments Ltd., Cambridge, UK). 
The pH of FLF samples was measured before and after replenishment of the feed using an 
electronic pH meter (W.G. Pye & Co: Ltd., Cambridge, UK). A sample was also removed 
each day from the fresh feed tank for pH measurement. 
234 
Chapter 5 Fermented feed and pigletpe1jonnance 
The dry matter of fermented and non-fermented feed, taken afterthe backslopping process, 
was determined following oven drying at I'03°C to a constant weight (Method: ISO 6469 I 
NEN 3332). The results were expressed as percentage dry matter. 
Samples were taken daily throughout the initial steeping period in the FLF tank (fours days 
prior to feeding) to verify the establishment of the Lactobacillus as the dominant microbial 
species. Further samples were taken from the fermented liquid feed prior to 'backs lopping' 
on days 4, 9 and 13, to monitor the microbial status of the feed. The non-fermented liquid 
feed was also sampled on days 0, 4, 9 and 13, following the mixing of a fresh tank of feed. 
Additional samples were taken, prior to emptying of the tank, 24 hours after ·the initial 
sampling times (days I, 5, 10 and 14). llhis allowed the microbial growth of the non-
fermented feed to be monitored over several random 24-hour periods. 
Microbial -analysis of the feed samples was conducted usmg selective media (Oxoid, 
Basingstoke, UK) to identify key indicator micro-organisms that could then be used to 
establish the success or failure of the fennentation process (Geary 1997). 
Total viable counts were enumerated using Plate Count agar and incubated aerobically for 
3 days at 30"C. 
Coliforms were enumerated on MacConkey No.7 aga~ and incubated aerobically for 24 
hours at 37"C. 
Lactic acid lbacteria were enumerated on MRS agar andl incubated anaerobically for 3 
days at 30"C. 
Lactobacillus plalllarum starter culture was selectively enumerated on MRS agar 
containing I 00 J.lg/ml rifampicin and incubated anaerobically for 3 days at 30"C. 
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Yeasts were enumerated on Rose Bengal Chloramphenicol agar ~RBCA) and incubated 
aerobically for 3 days at 30°C. 
Representative samples were serially diluted 10-fold in MRD (Maximum Recovery 
Diluent){ I ml sample in 9 ml MRD). Petri dishes containing microbiological media were 
marked into quartiles. From appropriate dilutions, 20 J.ll was spread on each marked 
quartile and spread over the area aseptically. Plates were incubated at recommended 
temperature and time according to the selective media. Quartiles of the marked Petri 
dishes with less than 50 colonies (cfu) were counted individually and the mean value for 
each sample calculated. Calculation of colony forming units per ml of liquid feed were 
calculated using the formula: 
c + c X 50 X I o·(dilution lac tor) 
-1--I 
2 
where: C I = count of quartile I, 
C2 =count of quartile 2, 
50= conversion factor to I ml, for 20J.ll drop of plate inoculum. 
The number of microorganisms for each tank was expressed as the log10 per gram of feed. 
5.2.4 Feed system and management. 
The liquid feeding system was a modification of a commercial feeding system (Hampshire 
Feeding Systems Ltd., New Milton; Rants, UK) and consisted of two separate 65 litre 
tanks, each with its own individual circulation system. Each tank had a water-filled 
cooling jacket that could be used to chill the tank contents to 6°C. When the cooling 
jacket was not in operation, feed in the tanks was kept at room temperature. 
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Each tank supplied four isolated flat deck pens, each equipped with an individual trough 
and a nipple drinker. Feed was supplied to each pen and was delivered to the trough 
through a down pipe that was connected to the overhead circulation pipeline by a 
pneumatic valve. Feed was delivered in fixed aliquots of approximately I 00 ml and· ,the 
number of aliquots supplied per feeding cycle could be controlled from 0 to 9. A timer 
controlled the feeding system, allowing the time interval 'between two subsequent feeds to 
be regulated. lihe system permitted the feeding of up to 8 pigs per trial at varying time 
intervals. 
The feeding system ·had a built in cycle, which consisted of two distinct phases. This 
allowed- delivery of the feed and' subsequent cleaning of the system thereby removing any 
remaining feed and restricting the proliferation of undesirable microorganisms within the 
system. The two-tank feeding system allowed two different diets to be fed' concurrently 
without contamination crossover. 
Feeding the pigs a liquid diet 'to appetite' was an attempt ·to feed the pigs as close to their 
maximum daily intake as possible while being able to monitor intake. The volume of feed 
offered per feeding cycle was adjusted to accommodate the appetite of the individual 
,piglet. Details of the different feeding regimes are given below. 
lihe volume of feed delivered to the piglets by the feeding system during the I and 4-
hourly feeding trials was calculated by multiplying the number of aliquots per day 
delivered by the average aliquot volume. Prior to the commencement of the trial, the 
average aliquot volume for each individual trough was calculated by collecting and 
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measuring individual aliquots over 6 consecutive feeding cycles. Once a day, the troughs 
were emptied of residual feed and the volume measured in a measuring cylinder. The 
residual volume was subtracted from the delivered volume to estimate the liquid feed 
intake of the piglets. The dry matter feed intake (DMF~:was calculated by multiplying the 
feed intake by the percent dry matter. 
Bue to difficulties with the ability of the liquid feeding system to feed at 12-hourly 
intervals, the piglets on this treatment were fed manually over the experimental period. 
These piglets were also fed 'to appetite'. Feed was dispensed into the trough in 250 ml 
aliquots. Upon consuming this feed an additional 250 ml of feed was dispensed, the 
procedure was repeated until' the piglet slowed or stopped eating. An additional aliquot of 
liquid feed was then added, to leave between 250 and 500 ml of feed in the trough. The 
feed was left in the troughs for approximately 2 to 3 hours, after which time the troughs 
were emptied and the residual feed measured and the value subtracted .from intake. 
The piglets fed dry feed were offered a pre-weighed quantity of the pelleted diet and were 
allowed to feed on an ad libitum basis. The remaining feed was removed from the hopper 
on a daily basis and weighed back to calculate the daily feed intake of each pair of piglets. 
The hopper was subsequently refilled. 
5.2.5 Anima/performance. 
The perfom1ance of the piglets was measured according to the following criteria; average 
daily live weight gain, average daily metabolic weight gain, average daily volumetric feed 
intake (for liquid diets), dry matter feed intake, volumetric feed intake per kilogram 
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metabolic body weight (for liquid diets), dry matter feed intake per kilogram metabolic 
weight, dry matter feed conversion ratio and health status. 
Definition of terms: 
adLWG (g d-1)- average daily live weight gain (grams per day). The live weight gain of 
the·piglets was calculated from daily weighings over the 14 days of trial. The adLWG was 
estimated for two periods J) from 6"8 days 2) from 6-14 days.post-weaning. 
MBW (W0"75 kg)- metabolic weight gain (Weight0·75 in kilograms). '"Phe metabolic body 
weight of pigs was calculated at time of weaning and the average metabolic body weight 
was determined for piglets at 6-8 days and 6-14 days post-weaning. 
adMBWG (g d-1) - average daily metabolic body weight gain (grams per day). The 
adMBWG was calCulated for pigs between 6-14 days post-weaning. 
adVFI (ml d-1) - average daily volumetric feed intake (millilitres per day). The adVFI 
was calculated for two periods during the study 1) 5-7 days. and 2) 5-13 days post-weaning. 
Volumetric feed intake was only calculated for the piglets on liquid treatments. 
adVFI (ml kg- 1 MBW) - average daily volumetric feed intake (millilitres per kilogram 
metabolic body weight). adVFI {g kg- I MBW) was calculated by dividing the average VFI 
tfor days 5-7 and 5-B) by the corresponding average MBW (for days 6c8 and 6-14 
respectively), 
adDMFI (g d-1)- average daily dry matter feed intake(grams per day) from days . 
DMFI (g kg-1 MBW) - dry matter feed intake (grams per kilogram metabolic body 
weight). DMFI (g kg-1 MBW) was calculated by dividing the average DMFI (for days 5-7 
and 5-B) by the corresponding. average MBW (for days 6-8 and 6-14 respectively). 
FCR - feed conversion ratio. FCR was calculated as adBMFI days (5-13) divided by 
adLWG days (6-14). 
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Health status of the piglets was assessed daily. llhe faeces were scored daily using the 
following scale: 
0 =None (no faeces) 
l =Hard pellets(< 60% water, e.g. faeces ofunweaned piglet) 
2 = Soft pellets (many pellets formed together, e.g. healthy weaned piglet) 
3 =Soft formed (has shape but pellets not distinguishable) 
4 =Soft unformed (mixture,of solid and fluid faeces) 
5 =Runny(> 80% water, fluid like faeces,,e.g. diarrhoea) 
Piglets with scores of 2 or 3 were considered healthy, whilst a score of 5 was classified as 
scouring. All other signs of illness and all veterinary interventions were recorded. 
5.2.6 Ecophysio/ogy of the,gastrointestina/ tract. 
On completion of the 14 day feeding trial, the piglets were terminally anaesthetised; 2.5 
hours after feeding, by an intravenous injection of pentobarbitone sodium (200 mg/ml, 
Euthatal™, Rhone Merieux Ltd., Harlow, Essex, UK). 
Immediately after sacrifice, the gastrointestinal tract was accessed via a midline incision of 
the abdomen. The pH of the total stomach contents was measured in situ using a calibrated 
portable pH probe (Hannah Checker, Hannah Instruments Ltd., Leighton Buzzard, 
Bedfordshire, UK). The small intestine was clamped at both ends and the large intestine 
tied with string at the rectum. The entire gastrointestinal tract was removed from the piglet 
and the empty carcass weight of the piglet recorded. The small intestine, caecum and 
colon were separated by string ties, to ensure each gut section remained entire, with no loss 
of contents. Each section was weighed separately. The caecum and colon were 
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individually stored in sterile bags (Nasco, London, England) and packed on crushed ice for 
further analysis. 
The small intestine was extended to its full length by cutting the mesentery, Sections were 
removed proportionately at 0.25, 0.50 and 0.75 intervals along the intestine. The sections 
were opened, digesta removed, .and the tissue immediately placed into labelled pots 
containing 10% neutral buffered formalin. The end section of the ileum, including 
contents, was tied off and placed in a sterile bag and packed on crushed ice for 
microbiological and chemical analysis. 
Intestinal morphology. 
After fixation in neutral buffered formalin, tissue samples were excised, dehydrated and 
embedded in paraffin wax. Transverse sections were cut, stained and mounted by the 
Haematoxylin and Eosin (H&E) method. Slides were viewed under light microscopy and 
the morphology measured using computer aided image analysis (YIDS IV, Analytical 
Measuring Systems, Saffron Walden, Essex, UK). Measurements of villus height and' 
crypt depth were taken only from sections where the plane of section ran vertically from 
the tip of the villus to the base of an adjacent crypt. From each section a calibrated 
eyepiece graticule was used to measure 10-15, of the tallest villus from tip to crypt mouth, 
and associated crypts from crypt mouth to base. 
Microjlora and microbial.activitymeasurements 
Samples were transferred to the laboratory coveredi in crushed ice and processed within 
three hours of sampling. Each intestinal sample was removed from its sterile bag and 
placed on a sterile surface. The exterior gut surface was sanitised using an alcohol wipe 
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(Azowipes. Vemon Carus Ltd., Preston, UK) to prevent contamination of the intestinal 
contents. The proximal end of the ileum, tip of the caecum and apex of the spiral colon 
were aseptically incised and - 10 g samples removed for microbial and -2 g samples for 
chemical analysis (Newman 1990). Samples for the determination and quantification of 
short-chain fatty acids and lactic acid by HPLC were frozen at -20"C until analysis. 
Samples for microbial analysis were processed immediately. The mucosal lining of the gut 
section was removed by pinning the tissue down to a sterile surface and gently scraping the 
mucosa away with a sterile microscope slide. This material was included with the gut 
contents for microbial analysis. 
Quantification of indicator microbial populations 
mtestinal content sample, including mucosal lining, (- 10 g) was weighed into a sterile 
Stomacher bag, which had been flushed twice with C02, and diluted I: 10 with phosphate 
buffered saline (PBS) diluent. The mixture was homogenised in a Stomacher (Seward 
Laboratory, London, UK) for 2 min. Serial dilutions of the homogenate were prepared in 
PBS diluent and viable counts estimated by spread and pour plating. Selective and semi-
selective media were used for quantifying specific populations of the intestinal micro flora 
at the sampling ·regions (Table 5.4). All media were obtained from Difco (Becton and 
Dickenson, UK) and freshly prepared according to the manufacturer's instructions for each 
trial date. The starter culture was selected by the addition of lOO J.lg/ml rifampicin to 
Rogosa SL medium. 
Quantification of Short-Chain Fatty acids (SCF Aj and lactic acid 
The procedure used for the preparation of samples to be analysed for SCF A and lactic acid 
quantification by HPLC has been previously described (Chapter 4). HPLC separations 
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Table 5.4 Selective and semi-selective media and culture conditions for quantification of specific intestinal microbial populations. 
Population 
Total facultative anaerobes 
Total lactic acid bacteria 
Lactobacillus spp. 
Lactobacillus plantarum (rif) 
Coliforms I E. coli 
Yeasts 
Salmonella spp. 
Isolation media 
Reinforced Clostridial agar 
MRS agar 
Rogosa SL agar 
Rogosa SL agar+ I 00 111 mr1 rifampicin 
Violet Red Bile agar (with MUG) 
Rose Bengal Chloramphenicol agar 
Selenite cysteine broth (SC), 
Hektoen Enteric agar (HEA) 
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Culture conditions 
Pour plate, anaerobic jar, 37°C, 48 hours. 
Pour plate, C02 incubator, 37°C, 48 hours. 
Pour plate, C02 incubator, 37°C, 48 hours. 
Pour plate, C02 incubator, 37°C, 48 hours. 
Layered pour plate, aerobic, 37°C, 24 hours. 
Spread plate, aerobic, 37"C, 72 hours. 
Pre-enrichment: SC broth, aerobic, 37°C, 18 hours; followed 
by spread plating on HEA, aerobic, 37"C, 24 hours. 
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were performed using a P580 HPG pump and GINA 50 autosampler (Dionex, Cheshire, 
UK) with an Animex HPX-87H (30 cm x 6.8 mm) cation exchange column (Bio"Rad, 
Herts, UK). The column temperature was maintained at 55°C and the flow rate at 0.9 ml 
min· 1• The .detector used was a Series 9050 UV detector (Varian Assoc., Surrey, UK) set at 
21 Onm. Determinations were based upon retention index in relation to an external· 
reference compound, crotonic acid. "Uhis acid was selected, as it did not interfere with any 
peak eluting from the samples to be analysed. A:ll calibrations were produced from peak 
height determinations utilising integration software (Chromeoleon, Dionex-Softron GmbH, 
Germering, Gem1any). 
Immediately after gut contents were removed, the pH of the regiOn proximate to the 
sampling site was measured using a pH meter (Hannah Checker, Hannah Instruments Ltd., 
Leighton Buzzard,Bedtordshire, UK). 
5.2. 7 Data analysis 
Data were visually inspected for normal distribution and analysed using a general linear 
mode(; analysis of variance (GLM). Bacterial counts were log transfom1ed to fit a normal 
distribution prior to analysis by GLM. Significant differences between treatment means (P 
< 0.05) were compared by Tukey's HSD test (Zar 1999). 
Covariance analysis was used to correct for differences between treatments. In this study 
the following were used: 
Live weight at weaning was used as a covariant in the analysis of live weight at 7 and 14 
days post-weaning. Live weight at 6 days post-Weaning was used as the covariant in the 
determination of differences in adLWG. 
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Metabolic body weight at 6 days post-weaning was used as a covariant in detennining 
differences between average metabolic body weights at 6-8 and 6-14 days post-weaning, 
average MBWG(6-14 days), VFI (ml kg" 1 MBW) and DMFI (g kg- 1 MBW). 
Relationships between measured variables were detennined usmg Pearson's product 
moment correlation co-efficient. Data were combined from the liquid feed treatments to 
test the hypothesis that there is a linear increase in villus height with increasing levels of 
voluntary food intake. To analyse the .response of intestinal structure to food intake, both 
linear (y = a + bx) and quadratic regressions (y = a + bx + cx2) were calculated (after 
(Pluskeetal. 1996b)). 
The statistical analyses were undertaken using Mini tab v. 10.2 (Mini tab Inc., Pennsylvania, 
USA, 1994). 
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5.3 Results 
5.3.1 Monitoring offeed 
5.3.~.1. Temperature 
The temperature of the room housing the liquid feed tanks fluctuated between the 
replicates but remained relatively stable within replicate (Figure 5.1 a). The mean 
temperature was 23 ± 2.6 oc with a range of 17.5 to 28 °C. 
Temperature of the fermented. liquid feed ranged between 20.0 and 31.0 oc with a mean of 
26.7 ± 2.3 oc (Figure 5.1 b), The room temperature did not appear to affect the temperature 
ofthe feed in the tank (r=~0.062). There was a slight rise in the average temperature.ofthe 
feed after the initial 24 hours of steeping. Sman fluctuations in the temperature were 
associated with the introduction of new feed and water, which cooled the system. The 
temperature rapidly returned to a steady state. 
Very large fluctuations in the temperature of the liquid feed were observed in the NFLF 
tank (Figure 5.1 c). During the 1hr (2"d rep) replicate the cooling jacket failed to operate 
efficiently and the liquid feed temperature (16.5 ± 2.0 °C) equilibrated to just below room 
temperature. This was in striking contrast to the other replicates whereby the cooling 
system became effective after approximately 120 hours and allowed the liquid feed to cool 
to approximately I 0 °C. In the context of this trial 120 hours was considered to be a very 
long time and therefore the system was relatively inefficient. The 4-hourly feeding cycle 
had a direct influence on the temperature of the feed in the tank with an initial peak, 
approx. 16 °C, in temperature every 24 hours when new feed and water were introduced to 
the system (Figure 5.1 d). This peak was followed .by a four hour cooling period to 5 oc 
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Figure 5.1 Temperature ofthe room and feed tanks during the fermentation period. 
a) Mean fermentation room temperature 
0 50 100 150 :2.00 250 
Time (houra) 
300 
c) Non-fermented liquid feed 
0 50 100 150 :2.00 250 
Time (hoo.n) 
- 1hrt2l 12tlC1l -..4hrt1l12C2l 
350 400 450 500 
300 350 400 
b) Fermented liquid feed tank 
35 
30 
25 
u 
.... 
! :2.0 
.a 
e 
!. 15 
i 
1-
10 
5 
0 
0 50 100 150 :2.00 
Tlmo(hour.) 
d) Non-fermented liquid feed over 72 hours 
0 10 :2.0 30 <40 50 
Time (houra) 
_ , hou1y 
247 
250 300 350 
eo 70 
Chapter 5 Fermented feed andpiglet performance 
and then a cyclic pattern every four hours of a sharp rise in temperature to approx. 12 oc 
followed by a drop in temperature to 5 oc and repeating this pattern every 24 hours. This 
temperature pattern closely followed the feeding cycle whereby every four hours the pump 
mixed the ·liquid feed in the tank, introducing energy as heat, followed by a period 
circulating the warm weaner accommodation before returning to the feed tank. 
5.3.1.2 pH of the feed 
The pH of the liquid feed had a close relationship with temperature. Freshly prepared 
liquid feed had a pH of 6.1. The pH of the NFLF was affected by temperature over the 24 
hour storage period Wigure 5.2 a-f:), The pH of the feed for the I hr feeding intervals 
followed a cyclic pattern whereby after fresh feed and water were added to the system the 
pH would gradually decline until the tank was replenished with fresh feeq and water and 
the pH would return to 6. This pattern was not evident in the 4hr feeding replicates in 
which the pH remained constant. The low temperature of the 4hr feed was able to control 
microbial proliferation and hence inhibit acid production. 
The FLF ·showed a different pH profile (Figure 5.2a-f:). Acid production and low pH were 
desired in the feed. The prolonged steeping of the feed allowed the inoculum and other 
epiphytic lactic acid bacteria to proliferate and reduce the pH to 3.8 ± 0.33 by the first day 
of feeding. The pH of the FLF tanks equilibrated! at 3.6 ± 0.3 11 during the continuous 
fennentation process. The daily replenishment of fresh feed and water resulted in a cyclic 
pattern consisting of a small increase of approximately 0.3 pH units, which was rapidly 
reduced. The pH of the second lhr feed interval replicate (Figure 5.2b) (and the 12hr !51 
replicate accordingly, Figure 5.2.e) was significantly higher than the other fermented liquid 
feed treatments reaching approximately pH 5 for a prolonged period of 
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Figure 5.2 pH of liquid feed from time of feeding of piglets to the end of the 14 day 
trial. 
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Figure 5.2 pH ofliquid feed from time of feeding ofpiglets to the end ofthe 14 day trial (cont). 
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time. There was no correlation with temperature, which remained constant above 25°C for 
the entire fermentation period. 
5.3.1.3 Dry matter of the feed 
The main effect of fermentation was a reduction W < 0.00 I) in dry matter from 11.7% to 
I 1.0% for the NFLF and FLF respectively. The.main effect of feed interval was a lower (P 
< 0.001) dry matterliquid feed given to the pigs fed hourly, 11.0%, compared to the 4-
hourly fed pigs, I r8%. There was no statistical difference between the 12-hourly feed, 
11.4%, andi the 11- and 4-hourly feed. There was a significant interaction (P < 0:01) 
between feed type and feed interval. 
The dry matter concentration of the feed in the FLF tank showed considerable variation 
over time and between replicates (Figure 5.3a). The average dry matter concentration was 
11 ± 0.11% with a range from 8.4 to 13.3%. the lowest dry matter concentrations were 
associated with the 1 hr feed interval replicates, I 0.2 ± 1.3% compared to 11.6 ± 0.7 and 
11.2 ± 0.6% for the 4hr and !J2hr feed replicates. The dry matter concentration of NFLF 
was stable over the 14-day period with no statistical differences between replicates (Figure 
5.3b). 
5.3.1.4 Microbiology of the liquid feed 
Mixing the feed with water allowed the proliferation of the epiphytic micro flora. During 
the 96 hours pre-feeding the steeping process allowed dramatic changes to occur in the 
microbial ecology of the feed (Figure 5.4). The epiphytic lactic acid bacteria population 
was at 6 log 10 cfu mr' at Time 0 before the addition of the starter culture. The introduction 
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Figure 5.3 Mean dry matter concentrations of )jquid feed during the feeding period 
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of the Lactobacillus plantarum starter culture increased the total lactic acid bacteria 
population in the feed on Day -4 to greater than 7 log10 cfu mJ-1 liquid feed. The LAB 
population proliferated over the initial steeping period to greater than 9 log10 cfu mJ-1 liquid 
feed. 
Figure 5.4 Microbial and pH changes in the FLF during the four day steeping period 
prior to feeding the piglets 
10 ,-------------------------------------------------------. 
9 6 
8 
~'E 7 5 
0 
~ 6 -
..J 
4 
4 
3 ~--------~----------~----------~---------+----------~ 3 
-3 -2 -1 0 
Steeping time before feeding {Days) 
- LAB -coliforms - pH 
The growth of the LAB and concomitant production of organic acids as end metabolites 
resulted in a decrease in pH from 6.1 to 3.8. The coliforms proliferated over the initial 48 
hours of steeping from 3.7 to 7.6 log10 cfu mr1, but as the pH decreased the numbers 
decreased to 3.8 log10 cfu ml-1• This value was variable between treatments as the coliform 
numbers were below detectable limits in the 1-hourly feed and popu1ations of 5.5 log10 cfu 
mf1 were found in the 4-hourly feed after four days of fermentation. 
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The microbial populations in NFLF increased dramatically (P < 0.001) during the 24 hour 
steeping period (Figure 5.5). In particular, a coliform bloom increased (P < 0.001) the 
population by 2.5 log units, from 5.3 to 7.8 log10 cfu ml-1, from fresh mixing to the end of 
the 24 hour steeping period respectively. 
Figure 5.5 Changes in the microflora of NFLF from mixing (0 h) to 24 hours post-
mixing. 
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Total viable counts (aerobic) were significantly (P < 0.001) greater in the FLF at each time 
feed was analysed (Figure 5.6a). The total viable populations of FLF remained stable 
throughout the fermentation process. 
There was no significant difference in coliform populations in FLF and NFLF on Day 0. 
However, on Days 4, 9 and 13 coliform populations were below the limit of detection and 
hence significantly (P < 0.001) lower in the FLF than the NFLF (Figure 5.6b). The 
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Figure 5.6 Mean microbial populations of fermented (FLF) and non-fermented (NFLF) liquid feed over 14 day steeping period (with s.e.m error bars). 
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fermentation process excluded the coliform populations from the FLF at different rates. 
The !-hourly feed had no detectable coli forms(< 3.0 log10 cfu mr1) by the time the piglets 
were introduced to the feed (Bay 0). The 4-hourly feed contained approximately 5.3 log 10 
cfu mr' on Day 0 but no coliforms were detected on subsequent days. In the NFLF there 
was a consistent number ofcoliforms present. 
Lactic acid bacteria populations remained stable throughout the fermentation period, with a 
statistically significant (P < 0.001) higher count in the FLF (Figure 5.6c). An anomaly in 
the LAB counts occurred during the !-hourly 2"d replicate whereby a significantly lower 
LA£ population of 6.2 log10 cfu mr' was observed on Day 4 compared' with an average of 
9.3 log10 cfu ml" 1 for the other replicates. This anomaly was reflected in an equally low 
total viable count,present. 
There was no statistical difference in yeast population between the FLF and NFLF nor was 
sampling day an influence on the yeast counts (Figure 5.6d). 
Population changes of the Lb. plantarum (rif) starter culture were monitored throughout 
the fem1entation period by selection on MRS agar containing 100 11g ml" 1 rifampicin. Lb. 
plantarum (rif) counts were highly variable between replicates (Figure 5.7). No two 
replicates behaved similarly and therefore it is very difficult to interpret a pattern. In one 
replicate, (l"hourly 1'1 replicate) the Lb. plantarum (rif) population declined immediately 
after inoculation and was therefore not involved in the fermentation process. In the I 
hourly 2"d replicate, the starter culture proliferated over the initial fermentation .period but 
declined in numbers before FLF was fed to the ,piglets. This initial bloom in the starter 
culture was not reflected in relation to total lactic acid bacteria because at time of 
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Figure 5.7 Survival of Lb. p/antarum (rifmutant) in the fermented liquid feed during 
three replicates. 
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inoculation Lb. plantarum (rit) represented greater than 85% of the LAB but 24 hours later 
it represented approximately 40% (Figure 5.8). In subsequent .days the starter culture 
represented less than 1% of the total. The starter culture was more successful in the 4-
hourly 2"d replicate proliferating in the initial 48 hours and subsequently representing 
greater than 60% of the total LAB population until four days after commencement of 
feeding FLF to piglets. The numbers of the starter culture then declined and stabilised at 6 
log10 cfu mr 1, < 1% oftotal LAB, until the end of the trial. 
Colonies, 2"3 log 10 cfu mr', were occasionally found on the MRS-rifplates from the NFLF 
fermentation tank samples suggesting the presence of rifampicin resistant lactobacilli. 
There was also the possibility that some of the fermented feed containing the rifampicin 
resistant lactobacilli entered the non-fermented tank through cross contamination. No 
subsequent confirmatory tests were performed on these colonies to establish their identity. 
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5.3;2 Performance data 
Health 
Fem1ented feed and piglet performance 
The health status.ofthe pigs was good, however, two piglets (one from each of 1h-FLF and 
4h-NFLF) contracted joint ill and were treated with daily intra-muscular injections of 
ampicillin (7 mg kg-1 body weight, Penbritin, Pfizer Ltd., Sandwich, UK) for 5 days and 
sulphadiazine and trimethoprim (1ml kg- 1 body weight, Tribrissin, Coopers Animal Health, 
Crewe, UK) for 4 days, respectively. These incidents did not appear to be treatment 
related. 
A total' of four pigs were observed to be scouring during the study. Of these, three were fed 
at 12-hourly intervals, with. the duration and severity varying considerably. One pig in the 
second 4-hourly NFLF replicate scoured for one day (Day 10), while one pig fed 12-h FLF 
had scours score 4 for 2 days (Days 6 and 7) and score 5 for 1 day (Day 8). Neither of 
these pigs required any type of treatment and the faeces cleared to. a score between 2 and 3 
for the remainder of the trial. Two pigs in the first 12-hourly feeding trial (one from both 
NFLF and FLF groups) scoured consistently from Day 11 to sacrifice on Day 14, although 
firm faeces (score 4) were observed in the FLF fed pig on Day 14. These pigs were 
offered approximately 750 ml of Life Aid Extra (Norbrook Laboratories Ltd., London, 
UK) between feeds to prevent dehydration and no further medication was required. 
Biological performance 
The biological performance of the pigs is summarised in Tables 5.5 and 5.6. Mean growth 
rates of piglets on trial are illustrated in Figure 5.9. Data were subjected to an analysis of 
covariance, due to the range of starting piglet weights (Section 5.2. 7). 
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Table 5.5 Performance data from post-weaned pigs on liquid and dry feed. 
Treatment' 
D NFLF I NFLF 4) NFLF 12 FLF I FLF 4 FLF 12 p 
Live weight (kg) 
Weaning 6.33" 6.94" 6.34" 6.13" 6.28" 6.31" 6.34" llS 
7days 7.52" 8.13" 7.56" 5.84b 7.28" 7.25" 6.06b ••• 
14 days I 0.19" 10.75" 10.698 7.84bc 9.34ab 9.63ab 7.56' ••• 
aclt, WG2 (g d-1) days 1-14 276ab 272ab 3llb 122' 219" 237ab 87' ••• 
adL WG2 (g d-') days 6-14 339ab 361 abc 424" 222bc 271 c 313abc 174' ••• 
MBW3 (W075 kg) days 6-14 s.oo• 5.25" 5.12" 4.15bc 4.78ab 4.83" 4.14' ••• 
adMBWG4 (g d-1) days 6-14 172" 155abc 184" . 103bc 119' 139abc 81 c ••• 
adDMFI5 (g d- 1) days 5-13 370" 336" 352" 183bc 256abc 263ab 136' *** 
adDMFI6 (g kg-' MBW) 75" 63abc 69ab 44cd 52 bed 54 be 32d *"'* 
FCR7 days 6-14 0.84" 1.02" 0.86" 0.83" 1.00" 0.84" 0.89" ns 
a. ·'· Within rows, means with a common superscript are not significantly different (P > 0.05). !ls- not sigilificiliif (P > 0.05), *** P < 0.00 l. 
'Dry: Dry pellet fed piglets; NFLF(l), (4) and (12): piglets given non-fermented liquid feed every hour, four hours.and 12 hours respectively; FLF(I), (4) a:nd (12): piglets given ferme!lted 
liquid feed every hour, four hours and I 2 hours respectively. . 
2 adLWG: average daily Live Weight Gain; 3 MBW: Metabolic Body Weight; 4 adMBW: average dailyMetabolic Body Weight; 5 adDMFI: average daily Dry Matter Feed Intake; 6DMFI 
(g kg-' MBW): average daily Dry Matter Feed Intake in grams per kilogram Metabolic Body Weight; 7 Feed Conversion Ratio (DMFI I Live Weight Gain) 
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Piglets fed a dry pelleted diet had a heavier finishing weight (P < 0.001 ), higher adL WG (P 
< 0:001), higher MBW W < 0:001), higher adMBWG .(P < 0:001), increased ad:E>MFI and 
adDMFI (g kg- 1 MBW) (P < 0.001) than the 12-hourly liquid fed piglets (liable 5.5). The 
adLWG was significantly higher (P < 0.001) in the dry and 4-hourly NFLF compared to 
the !-hourly FLF. The average daily DMFI in relation to metabolic body weight shows 
that 1- and 4-hourly FLF piglets consumed significantly 'less (P < 0.001) than the dry fed 
piglets, There were no differences in FCR for any of the treatments (P > 0.05). 
It was apparent from the average growth curves that the 12-hourly (NFLF and' FLF) and 
dry fed piglets suffered a growth check in the period post-weaning characterised by weight 
loss (Figure 5.9). llhe dry fed piglets recovered by day 4 posHveaning after which 
followed a ,period of compensatory growth. llhe 12-hourly fed piglets suffered a longer 
growth check, lasting approximately 9 days, that significantly affected the terminal live 
weight and weight gain of the piglets, although once the piglets started gaining weight 
there was a period of highly compensatory growth. Mean groWth rates and weight gains 
show that the 1- and 4-hoiJrly liquid fed piglets did not suffer from a growth depression 
and adapted to the liquid diet very rapidly (Figure 5.9). 
The factorial analysis (Table 5.6) showed that ihe factor having the greatest effect on 
biological per-formance was the .feed' interval, although there were significant differences 
between piglets given either the fermented or non-fermented feed. The piglets fed at 12-
hourly intervals lost weight (6.23 to 5.95 kg) during the first week but gained weight 
during the.second week (Table 5.6). 
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Figure 5.9 
4 
3 
c: 
·n; 2 
Ol 
Fermented feed and piglet peiformance 
Mean growth rates of piglets fed fermented liquid feed (FLF), non-
fermented liquid feed (NFLF) fed at I, 4 and 12 hourly intervals and DF 
fed ad libitum. 
lirre ( dajs) 
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Table 5.6 Factorial analysis ofadjusted performance means of piglets fed fermented (FLF) or non-fermented (NFLF) liquid feed at different time 
intervals, 1-, 4- and 12-hourly during two week trial petiod. 
Main effect: Feed interval 1 Feed type2 Significance (P) 3 
4 12 s.e.d NFLF FLF s.e.d FI FT FlxFT 
Live weight (W kg) 
weaning 6.61' 6.33' 6.23' 0.45 6.47" 6.31' 0.37 ns ns ns 
7 days 7.51' 7.46' 6.09b 0.31 7. I I" 6.93' 0.25 ...... ns ns 
14 days 9.80' 10.23' 7.98b 0.43 9.67 8.93 0.35 ...... .. ns 
adLWG4 (g d' 1) 
6-8 days 244.4' 285.9" 126.0b 57.3 237.5" 200.0" 46.8 .. ns ns 
6-14 days 283.1 ab 351.3" 247.7b 26.5 328.6 259.5 21.6 .... .. .. ns 
MBW5 (W 75 kg) 
weaning 4.11" 3.97" 3.94" 0.21 4.04" 3.9.7' 0.18 ns ns ns 
6"8 days 4.62' 4.49" 3.83b 0.14 4.38" 4.24" 0.11 ...... ns ns 
6-14 days 4.93" 5.01" 4.20b 0.16 4.81" 4.61" 0.13 ...... ns ns 
adMBWG6 (g d' 1) 
6-14 days 125.2ab 155.5' 109.2b 11.6 144.8 115.1 9.5 ** .... ns 
adVF1 7 (m1 d'1) 
5-7 days 2143.5" 2332.6" 871. 7b 281.9 1945.8" 1619.4" 230.1 ..... ns ns 
5-13 days 2825.6" 2634.3" 1462.3b 271.0 2528.8" 2085.9" 221.3 ...... ns ns 
Continued ... 
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Table 5.6 Continued ..... 
Main effect: Feed interval 1 Feed type2 Significance (P) 3 
4 12 s.e.d NFLF FLF s.e.d Fl FT FlxFT 
VFI8 (ml kg' 1 MBW) 
5-7 days 440.3" 519.5" 238.Ib 59.7 430.2" 368.4" 48.8 ••• ns ns 
5-13 days 542.6" 526.1" 363.3b 44.2 513" 441." 36,1 ••• ns ns 
adDMFI9 (g d' 1) 
5-7 days 222" 265" 91 b 29.0 220 166 23.7 ••• • ns 
5-13 days 296" 307" 159b 28.8 290 218 23.5 ••• •• ns 
DMF1 10 (g kg' 1 MBW) 
5-7 days 45.6" 59.1" 24.7b 6.17 48.5 37.8 5.01 ••• • ns 
5-13 days 56.5" 61.2" 39.7b 4.70 58.5 46.4 3.84 ••• •• ns 
FCR11 1.0 ,. 0.85" 0.86" 0.10 0.91" 0.91" 0.08 ns ns ns 
n.b Within main effect, row means with a common superscript are not significantly different (P > 0.05); * P < 0.05, ** P < 0.01, *** P < 0.001, ns =not significant (P > 0.05). 
1 Pigs fed every I, 4 or 12 hours. 2 NFLF: Pigs fed non-fermented liquid feed; FLF: Pigs fed fermented liquid feed. 3 Fl: Feed interval; FT: Feed type; Fl x FT: interaction between 
feed interval and feed type. 4 adLWG: average daily Live Weight Gain; s MBW: Metabolic Body Weight; 6 adMBW: average daily Metabolic Bod6'oWeight; 7 adVFI: average daily 
Volumetric Feed Intake; 8 Volumetric Feed Intake (ml per kilogram Metabolic Body Weight); 9 adDMFI: average daily Dry Matter Feed Intake; 1 MFI (g kg' 1 MBW): average 
daily Dry Matter Feed Intake (grams per kilogram Metabolic Body Weight); 11 Feed Conversion Ratio (DMFI/ LWG). 
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The average daily live weight gains (adLWG) of piglets fed at 1- and 4-hourly were 
significantly higher than the 12-hourly fed piglets between 6-8 (P < 0.05) and 6-14 days (P 
< 0:01) (Table 5.6). The weight gains were statistically higher for piglets fed' NFlF 
compared to FLF at both 6~8 days and 6-14 days even after correction forweight at 6 days 
post-weaning (Table 5.6). 
Average daily volumetric feed intake (adVH m! d" 1) of the liquid feed was significantly 
higher in the 1- and 4-hourly compared with the 12-hourly fed piglets between 5-7 (P < 
0.001) and 5-13 days (P < 0.001) (Table 5.6). The 4-hourly fed piglets consumed more 
liquid feed (P>0.05).than the !-hourly fed piglets between 5-7 days (2333 and 2144mld-1 
respectively) although this effect was reversed for 5-B days (2826 and 2634ml d- 1 
respectively) with greater volumetric intake i1i the !-hourly fed piglets. When volumetric 
feed intake was analysed in relation to metabolic body weight (adVFI ml kg- 1 MBW) the 
same feeding,pattem was observed (Table 5.6). 
Average daily dry matter feed intake (adDMFI ml d- 1) and adDMFI (g kg' 1 MBW) of the 
liquid feed was significantly higher in the l- and 4-hourly compared to the 12-hourly fed 
piglets between· S-7 (P < 0.001) and' 5-13 days (P < 0,001) (Table 5.6). The 4chourly fed 
piglets consumed more dry matter (P > 0.05) than the !-hourly piglets at both S-7 days and 
5-13 days, which was in contrast to the volumetric feed intake. Dry matter feed intake was 
approximately 25 % less in piglets fed FLF at both 5-7 days and 5-13 days, and even after 
correction for the metabolic body weight the FLF piglets ate statistically less dry matter (P 
< 0.05) (Table 5.6). 
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Feed conversion ratio was not significant for feed interval or feed type and there was no 
interaction between feed type and feed interval(Table 5.6). 
The NFLF fed piglets had a heavier final weight, greater adL WG and consumed' greater 
quantities of liquid feed (m!) and had a higher DMFI (g) per kg metabolic body weight 
than those fed a FLF (Table 5.6). But the differences between NFLF and FLF piglets can 
be explained by the covariant (initial weight) used in the analysis and therefore the results 
were not significantly different. However, the differences between NFLF and FLF were 
more pronounced after 14 days than after 7-8 days. The analyses showed there were no 
' 
significant interactions found between feed interval and feed type (Table 5.6). 
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5.3.3 Ecophysiology of the gastrointestinal tract 
5.3.3.1 Carcass and organ weights 
The effect of feed type and feeding interval on enipty carcass and organ weights of pigs 
killed at termination of trial are shown in Tables 5.7 and 5.8. Piglets fed at 12-hourly 
intervals had a significantly lower (P < 0.001) empty carcass weight than other treatments 
(Table 5:7). There was a considerable variation, although not statistically significant, in 
the empty carcass weights at death. Because of this variation, empty carcass weight 
(ECW) was used as a covariant in the comparison of organ weights between treatments. 
Small intestine, caecum and colon weights were not significantly different between 
treatments when corrected for ECW (Table 5.7). 
The factorial analysis showed a decrease in the carcass and organ weights with the increase 
in feeding interval (Table 5.8). Both 1- and 4chourly fed piglets had a significantly heavier 
(P < 0.00 I) carcass weight in comparison to the 12-hourly fed piglets (9125, 8463 and 
6450 g respectively). Fermentation of the diet did not influence the mean carcass weight 
for liquid fed piglets. The caeca from the !-hourly fed piglets were considerably heavier (P 
< 0.05) than those removed from 4 mid 12-hourly fed piglets (84, 63 and 55 g 
respectively). The colon was significantly (P < 0.05) heavier in piglets given FLF 
compared to NFLF fed piglets, 256 ± 7.9 and 198 ± 7.9 g respectively. There were no 
interactions found between feed interval and feed type on empty carcass or organ weights. 
The covariant, ECW, was highly significant (P < 0:001) for small and large intestine and 
colon weights (Table 5.8). Linear correlation's with ECW were observed for small 
intestine weight (r = 0.772, P <.0.00! no. =40), large intestine weight (r = 0:423, P = 0:08 
no.= 40), and colon (r = 0.728, P < 0.05, no.= 40). The caecum weight did not appear to 
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Table 5.7 Effect of dietary treatment on empty carcass and organ weights (using empty carcass weight as a eo variant) of piglets killed at 14 days post-
weaning. 
Treatment 1 
Dry Suckled NFLF(l) NFLF(4) NFLF(12) FLF(1) . FLF(4) FLF(12) p 
Empty body weight 
(EBW) g 8562"c 7063bc 9813"d 8931"d 6456bc 8437bcd 7994bcd 6444bc ......... 
s.e.m. (333) (413) (344) (554) (298) ( 1183) (673) (282) 
Srnall intestine (g) 498" 529" 7038 5288 434" 5658 519" 421" ns 
s.e.m. (31.3) (37.6) (76.7) (49.1) (20.2) (73.3) (47.8) (26.8) 
Large intestine (g) 344" 210b 334"b 278"b 218ab 321"b 2868 b 233"b ... 
s.e.m. (37.0) (15.0) (40.0) (18.3) (11.2) (40.0) (16.8) (17.8) 
Caecum (g) 698 s1• 89" 648 598 788 628 so• ns 
s.e.m. (4.7) (5.8) (10.7) (5.6) (7.6) (9.4) (3.6) (6.3) 
Colon (g) 275" 159" 2448 214" 1588 2428 224" 1838 ns 
s.e.m. (38.7) (11.8) (31.0) (15.8) (10.1) (30.7) (16.4) (14.4) 
a.b.c Within rows, means with a common superscript are not significantly different, (P > 0.05). ns = not significailt (P < 0.05), • P < 0.05, ••• P < 0.00 I. 1 See Table 5.5. 
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Table 5.8 Factorial analysis of empty carcass weight and adjusted organ weight means (g) (using carcass weight as a covariant) of piglets fed different 
liquid diets (NFLF and FLF) at different tirne intervals (1-, 4~ and 12hourly). 
Main effect Feed interval1 Feed type2 Significance (P)3 
4 12 NFLF FLF FI FT FI xFT 
Empty carcass 9125" 8463" 6450b 8400" 7625" *** ns ns 
s.e.m (508.0) (359.2) (359.2) (321.3) (321.3) 
Small intestine 561" 487" 501" 507" 507" ns ns ns 
s.e.m (30.9) (21.9) (21.9) (19.6) (19.6) 
Large intestine 296" 266" 256" 257" 279" ns ns ns 
s.e.m (15.2) (10.7) (10.7) (9.6) (9.6) 
Caecum sob 63" 59" 66" 62" * ns ns 
s.e.m (6.1) (4.3) (4.3) (3.9) (3.9) 
Colon 216" 205" 198" 198" 256b ns * ns 
s.e.m (12.4) (8.8) (8.8) (7.9) (7.9) 
a.b Within main effect, row means with a common superscript are not significantly different (P > 0.05). ns = not significant (P > 0.05), • P < 0.05, *** P < 0.00 I. 1 Pigs fed every I, 4 or 12 
hours. 2 NFLF: Pigs fed non-fermented liquid feed; FLF: Pigs fed fermented liquid feed. 3 Fl: Feed interval; FT: Feed type; Fl x FT: interaction between feed interval and feed type. 
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be influenced by ECW (P > 0.05) although a weak linear relationship was observed (r = 
0.453, P < 0.05, no.= 40), 
5.3.3.2 Intestinal structure 
The effect of dietary treatment on the intestinal structure, villus height and crypt depth, is 
shown in Table 5.9. There was a trend for the tallest villi to be found in the proximal small 
intestine (0.25 site) with villus height decreasing towards the anterior small intestine (0.75 
site). This was highly significant (P < 0.001) in the dry fed and suckled piglets although 
not significant in the liquid fed piglets. The piglets fed at 12-hourly intervals had a 
significantly lower mean villus height compared to other treatments. 
The crypts of-the suckled piglets were significantly deeper (P < 0.05) than the dry fed, 1-
hourly and 4chourly fed piglets {Table 5.9). Only crypt depths of the 12-hourly fed piglets 
were shallower (P < 0.05) at the 0.25 and 0:50 sites compared to the suckled piglets with 
no significant differences between any ofthe,treatments at the 0. 75 site. 
llhe factorial analysis of liquid dietary treatments showed a decrease (P < 0.00 I) in villus 
·height associated with ah increase in feed interval (liable 5.1 0). There was no significant 
difference in villus height between NFLF and FLF, although the mean villus height was 
greater in NFLF fed piglets. There was no interaction between feed interval and feed type 
on the villus height in liquid fed piglets {Table 5.10). Feeding at 4~hourly intervals 
resulted in a greater crypt depth than the piglets fed every one or 12 hours, although .this 
was only significant (P < 0.01') at the 0,50 site between the 4- and 12-hourly liquid fed 
piglets. 
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Table 5.9 Villus height and crypt depth at different proportions of the small intestine of piglets killed at 14 days postweaning. 
Treatment1 
Proportion of Dry Suckled NFLF(1) NFLF(4) NFLF(12) FLF(I) FLF(4) FLF(12) s.e.d p 
intestine 
Villus height 0.25 655" 646" 593"" 621o.c 486bc 538ab 565ab 430b 47.0 ••• 
(JJ.m) 0.50 6508 596abc 605ab 570abc 452ab 598abc 560abc 487bc 50.1 ••• 
0.75 5788 515ab 557" 576" 458ab 518ab 531 ab 406b 47.1 •• 
Mean2 6288 5868 5858 5898 490b 551 ab 552ab 441b 39.6 ••• 
Crypt depth 0.25 244b 306" 251ab 261ab 268ab 234b 268ab 230b 20.5 • 
(JJ.rn) 0.50 260ab 308" 262ab 283ab 250b 249b 290ab 233b 18.8 •• 
0.75 2498 2828 238" 245" 241 8 2408 2808 243" 18.6 ns 
Mean2 251 be 299" 250bc 263abc 253bc 241tx: 279ab 235c 14.6 ••• 
a.b.c Within rows, means with a common superscript are not significantly different (P > 0.05). ns = not significant (P > 0.05), • P < 0.05, •• P < 0.0 I, ... P < 0.00 I. 
1See Table 5.5 2 Mean of all three sites 
271 
Table 5.10 
Main Effect: 
Villus height 
(J.lm) 
Crypt depth 
(J.lm) 
Factorial analysis of villus height and crypt depth means at different sections of the small intestine of piglets fed different liquid feed types 
(NFLF and FLF) at different time intervals (1-, 4- and 12 hourly). 
Feed interval1 Feed type2 Significance (P)3 
Proportion of 1 4 12 s.e.d NFLF FLF s.e.d FI FT FI xFT 
intestine 
0.25 566" 593" 458b 35.8 567" 511 8 29.2 *** ns ns 
0.50 601" 565"b 469b 39.0 542" 548" 31.9 ** ns ns 
0.75 538" 555" 429b 36.1 528" 486" 29.5 ** ns ns 
Mean4 568" 571" 452b 30.6 5468 515" 25.0 *** ns ns 
0.25 243" 264" 249" 15.5 260" 244" 12.6 ns ns ns 
0.50 256"b 286" 242b 11.6 265" 257" 9.5 *** ns DS 
0.75 239" 263" 242" 14.3 2548 241 8 11.7 ns ns ns 
Mean4 2468 271" 2448 10.4 2558 2528 8.5 * ns ns 
n.b Within rows, means with a common superscript are not significantly different (P > 0.05). ns = not significant (P > 0.05), • P < 0.05, •• P < 0.0 I, ... P < 0.00 I. 
1 Pigs fed every I, 4 or 12 hours. 2 NFLF: Pigs fed non-fermented liquid feed; FLF: Pigs fed fermented liquid feed. 
3 FI: Feed interval; FT: Feed type; Fl x FT: interaction between feed interval and feed type. 4 Mean of all three sites. 
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5.3.3.3 
Fennentedfeed andpiglet perfomwnce 
Relationship between intestinal structure and post-weaning piglet 
performance 
Data from the six liquid treatments were pooled and the relationships between the 
intestinal structure, feed intake (TDMFI days 5-13), metabolic body weight gain (MBWG 
days 1-14), small intestine weight and average daily live weight gain (adLWG days 6-14) 
were established. The relationships between mean villus height, mean CI)'IJt depth and 
average metabolic body weight gain (MBWG days 1-14) for dry fed piglets were also 
ascertained. For all relationships, the inclusion of the quadratic equation term (,/) failed to 
explain any more variation than the linear regression, so the response was assumed to be 
linear rather than quadratic. 
Total dry matter intake (days 6-14) washighly correlated with mean villus height along the 
small intestine for all ,piglets fed a liquid diet (r = 0.78, P < 0.001) (Figure 5.1 0). 
Significant relationships were also found between villus height and MBWG (P < 0,001), 
small intestine weight (P < 0~001) and adLWG (P < 0.001) for the individual sites 0.25, 
0,50 and 0.75 along the intestine (Table 5.11). There appeared to be no correlation 
between total dry matter intake and mean crypt depth (r = 0.27, P > 0:05) along the 
intestine (Table 5.11). Although at the 0.50 site there was a weak 'linear relationship with 
TDMFI (r = OA4, P < 0:01), MBWG (r = 0.44, P< 0.01), small intestine weight (r =0.46, 
P < 0.01) and adLWG (r = 0.44, P < 0.01). Furthermore, a weak correlation between crypt 
depth and small intestine weight (r = 0.32, P < 0.05) was found at the 0.75 site (Table 
5.11 ). 
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Figure 5.1 0 Relationship between total dry matter feed intake (days 5-13) and intestinal 
structure of piglets fed liquid diets for 14 days post weaning. 
a) mean villus height ( y = 0.0797x + 348.05, r = 0.78, P < 0.001 no = 40) 
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Table 5.11 Relationship' between intestinal structure at various regions and the small 
intestine weight, total dry matter feed intake (days 5-13), average daily live 
weight gain (days 6-14) and metabolic body weight gain (days l-14). 
Cr m) 
Pro rtion of intestine 0.25 0.50 0.75 0.25 0.50 0.75 
Small intestine weight 0.44** 0.48** 0.43** 0.20 0.46** 0.32* 
Sig. (2-tailed) (0.004) (0.002) (0.006) (0.215) (0.003) (0.044) 
Total DMFI 0.66** 0.64** 0.73** 0.20 0.43** 0.03 
Sig. (2-tailed) (<0.001) (<0.001) (<0.001) (0.183) (0.002) (0.846) 
adLWG 0.65** 0.65** 0.69** 0.21 0.44** 0.07 
Sig. (2-tailed) (<0.001) (<0.001) (<0.001) (0.161) (0.002) (0.072) 
MBWG 0.21 0.44** 0.08 
Si . 0.002) (0.604 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
1Pearson's correlation coefficient (r) 
Figure 5.11 Relationship between mean villus height (y = 0.0413x + 569.56, r = 0.348, 
no.= 16) mean crypt depth (y = -0.0015 + 253.02, r = -0.027, no.= 16) and 
average metabolic body weight gain (days 1-14). 
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No relationship was found between the villus height or crypt depth and the metabolic body 
weight gain for the piglet's fed the dry pelleted diet (Figure 5.11 ). Due to the dry fed 
piglets being fed in pairs no estimation of individual feed intake could be made and 
therefore it was not possible to look for a relationship with intestinal structure. 
5.3.3.4 pH of organ contents, 
The effects of dietary treatment on the pH of gut contents at various regions of the 
gastrointestinal .tract are shown ·in Tables 5.12 and 5.13. Trhe piglets which continued to 
suckle had the lowest stomach pH, 2.4 ± 0.40, although this was only significantly 
different from the piglets given NFLF at 1- and 4-hourly intervals, 4,8 ± 0,86 (P < 0:05) 
and 4. 7 ± 0.44 (P < 0.01) respectively (Table 5.12), A significantly lower pH (P < 0:01) in 
the colon contents was found in piglets receiving dry pellets, 5.9 ± 0.08, compared with 
piglets which continued to suckle and those receiving FLF at 4- and -12-hourly intervals, 
6.6 ± 0.16, 6.6 ± 0:08 and 6.6 ± 0.16 respectively. 
The main effect of feeding a fermented diet was a reduction in the stomach pH and an 
increase in the terminal ileum, caecum and colon content pH, although this was only 
significant in the caecum and colon (P < 0.05) (Table 5.13}. An association between an 
increase in pH and increase in feed interval was evident in the terminal ileum, caecum and 
colon contents (P > 0:05). The piglets fed at 4chourly intervals had the lowest (P > 0.05) 
stomach pH, 3.7 ± 0.3, compared with those fed at 1- and 4-hourly intervals, 4.4 ±·0.42 and 
4.1 ± 0.30 respectively (Table 5.13). 
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Table 5.12 pH of organ contents of piglets killed at 14 days postweahing. 
Treatment 1 
Dry Suckled NF~F(l) Nf:ieF(4) NFLF(I2) FLF(l) FLF(4) FLF(l2) p 
Stomach 3.9"b 2.4b 4.8" 3.s•b 4.7" 3.9•b 3.6"b 3.s•b • 
s.e.m (0.27) (0.49) (0.86) (0.45) (0.44) (0.65) (0.32) (0.33) 
Terminal ileum 6.3abc 5.9bc 6.4"bc 5.8bc 6.6" 6.l"bc 6.s•b 6.4abc •• 
s.e.m (0.11) (0.05) (0.17) (0.24) (0.19) (0.13) (0.16) (0.13) 
Caecum 5.8b 6.1"b 6.o•b 5.9"b 6.o•b 6.o•b 6.3"b 6.4" • 
s.e,m (0.13) (0.10) (0.09) (0.16) (0.08) (0.08) (0.17) (0.13) 
Colon 5.9b 6.6" 6.o•b 6.3"b 6.3"b 6.2"b 6.6" 6.6" •• 
s.e.m (0.08) (0.16) (0.10) (0.14) (0.14) (0.10) (0.08) (0.16) 
a.b.c Within rows, means with a common superscript are not significantly different, (P > 0.05). • P < 0.05, •• P < 0.01. 1 See Table 5.5 s.e.m: standard error of mean. 
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Table 5.I3 Factorial analysis of adjusted pH means of intestinal contents of piglets fed different liquid diets (NFLF and FLF) at different time intervals 
(1-, 4-, and I 2 hourly). 
Main effect: Significance (P)3 Feed interval1 Feed type2 
4 I2 NFLF FLF FI FT Fix FT 
Stomach 4.4" 3.7" 4. I" 4.4" 3.7" ns ns ns 
s.e.m (0.42) (0.30) (0.30) (0.28) (0.28) 
Terminal ileum 6.2" 6.2" 6.5" 6.2" 6.4" ns ns • 
s.e.m (0. I 7) (0.12) (0. I2) (0. I2) (0. I 2) 
Caeclim 6.0" 6.1" 6.2" 6.0" 6.2" ns * ns 
s.e.m (O.I3) (0.09) (0.09) (0.09) (0.09) 
Colon 6. I b 6.4" 6.5" 6.2 6.4 * ns 
s.e.m (0. I2) (0.09) (0.09) (0.08) (0.08) 
• Within main effect, row means with a common superscript are not significantly different (P > 0.05). ns =not significant (P > 0.05), • P < 0.05. 
1 Pigs fed every I, 4 or 12 hours. 2 NFLF: Pigs fed non-ferrneJlted liquid feed; FLF: Pigs fed fermented liquid feed. 3 Fl: Feed interval; FT: Feed type; Fl x FT: interaction between feed 
interval and feed type. 
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Microbiology of the lower gastrointestinal tract 
Isolation and enumeration procedures. confirmed the presence of coliforms, ·lactobacilli, 
lactic acid bacteria, yeast and facultative anaerobes in the lower gastrointestinal tract of the 
piglets, although large differences were observed between treatments. 
A number of piglets had very little digesta present at the terminal ileum making sampling 
and microbiological analysis difficult, and therefore had to be excluded from the 
microbiological analysis (Table 5.14). These included two from the dry feed treatment and 
one from each of the 4-hourly NFLF and FLF treatments. There were too few incidents to 
decide if this lack of digesta was treatment related. 
Only pigs which showed a positive result (> 3 log 10 cfu ml" 1) were included in the 
statistical tests (Table 5.14). The one exception was for the 12-hourly FLF treatment 
where one of eight piglets had coli forms present at the terminal ileum ( 4. 7 log10 cfu m 1" 1 ). 
This piglet had diarrhoea from days Jl-14 and therefore considered an outlier and removed' 
from the analysis. No coli forms were present in the terminal. ileum digesta of the !-hourly 
FLF fed piglets (014). Many of the piglets receiving dry feed had no detectable lactobacilli 
present in the terminal ileum (6 I 8), caecum (3 I 8) or colon (6 I 8). Due to the low 
detection only the 5 positive caecum results were included in the analysis. 
Putative Salmonella colonies were isolated from piglets receiving liquid feed from one 
replicate ( 4hour-1 51 rep and 12hour-2"d rep combination) after selective enrichment in 
Selenite-Cysteine broth and plating on Hektoen Enteric agar (HEA) (Table 5.15), The 
frequency of putative Salmonella spp. isolated was greater in all sections of the gut for 
those piglets receiving the non-fermented liquid treatment. No other potential Salmonella 
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Table5.14 Frequency of pigs positive(> 3 log!O cfu g"1 wet weight) for selected microbial populations in gut contents of piglets fed different feed types 
at different time intervals. 
Treannene 
Dry Suckled NFLF(J) NFLF(4) NFLF(I2) FLF(l) FLF(4) FLF(12) 
Colifonns Ileum 6/81 8/8 4/4 7/8 8/8 0/4 7/8 118 
Caecum 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
Colon 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
Total LAB Ileum 6/8 8/8 4/4 7/8 8/8 4/4 7/8 7/8 
Caecum 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
Colon 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
Lactobaci 11 i Ileum 0/8 6/8 4/4 7/8 8/8 4/4 7/8 7/8 
Caecum 8/8 7/8 4/4 8/8 8/8 4/4 8/8 8/8 
Colon 4/8 7/8 4/4 8/8 8/8 4/4 8/8 8/8 
Yeasts Ileum 2/8 5/8 4/4 7/8 7/8 4/4 7/8 7/8 
Caecum 5/8 7/8 4/4 8/8 118 4/4 8/8 8/8 
Colon 2/8 8/8 4/4 8/8 7/8 4/4 8/8 8/8 
Facultative Ileum 6/8 8/8 4/4 7/8 8/8 4/4 7/8 7/8 
an aerobes Caecum 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
Colon 8/8 8/8 4/4 8/8 8/8 4/4 8/8 8/8 
See Table 5.6. positive pigs I total number of pigs 
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cultures were isolated from any treatment or replicate during the trial. Due to the 
qualitative isolation methodology employed it was not possible to quantify the numbers 
present in the gut, only to obtain a positive I negative response for presence. 
Table 5.I5 Frequency of putative Salmonella sp. isolated from gut cotitents ofpiglets fed 
non-fermented. and fermented liquid feed. 
positive.pigs I total no. of pigs 
Non-fermented liquid feed Fermented liquid feed 
Tem1inal ileum 
Caecum 
Colon 
6/8 
718 
8.1 8 
2/8 
I I 8 
I I 8 
Individual colonies isolated from the HEA plates were purity plated onto Nutrient agar. 
Pure cultures were gram-stained and tested for the presence of oxidase (Oxidase diagnostic 
tablets, A/S Rosco, Taastrup, Denmark). All cultures were Gram-negative, oxidase 
negative rods. Slide agglutination tests (Polyvalent-0, Groups A-S, Salmonella Somatic 
Agglutinating Serum (rabbit), Murex Diagnostics Ltd., Dartford, England) were performed 
on suspected Salmonella colonies as a preliminary identification step. None.of the cultures 
were positive .for agglutination. Salmonella typhimurium D:rl04B (3428, Veterinary 
Investigation Centre, Starcross, England) was used as ·the positive control in the test. All 
cultures (n = 25) were subsequently identified (99:9%) by an API 20E identification test kit 
~BioMerieux, Basingstoke, lJK) as Citrobacter freundii. 
J:he influence of dietary treatment on the selected microbial populations is shown in Table 
5.I6 and main effects· in Table 5,17. No colifom1s (< 3 log 10 cfu g'1)· were isolated from 
the terminal ileum of piglets receiving FLF at l- and 12-hourly intervals (Table 5.16). A 
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Table 5.16 Microflora population means (log 10 cfu g· 1 wet weight) in gut contents of piglets fed different feed types at different time intervals. 
Treatment1 
Dry Suckled NFLF(I) NFLF(4) NFLF(12) FLF(I) FLF(4) FLF(I2) p 
Coli forms Ileum 8.7° 6.0< 8.1'b 6.0bc 6.4bc <J.Ot 5.1< < 3.0t .... 
Caecum 8.4. 7.4ab 7.4'b 7.2'b 7.9ab 5.5b 5.3b 6.5b . .. 
Colon 8.6° 7.3ab 8.1ab 7.o•b 7.8•b 5.6b 5.5b 6.9b .... 
Total LAB Ileum 9.3° 7.8b 7.9nb 8.5• 6.8b 9.1° 9.o• 9.o• .... 
Caecum 9.1ab 8.6' 8.2'b 8.2nb 7.7b 8.7nb 8.8' 8.6ab .. 
Colon 9.2nb 8.8• 8.o•b 8.2nb 7.7b 8.9nb 8.7° 8.6nb .. 
Lactobaci 11 i Ileum < 3.0t 7.4nb 7.o•b 8Jb 6.SO 8.8b 8.2b 9.2b ..... 
Caecum 5.7nb 7.4c 8.lbc 8.1 c 6.o• 8.5" 8.6c 8.4c ...... 
Colon < 3.0t 8.1° 7.9° 8.o• 6.0 8.6° 8.3' 8.o• ..... 
Yeasts ileum 5.2< 4.6bc 5.6nb 5.9° 4.2c 5.3nb 5.1'bc 4.0< ...... 
Caeeum 5.9•b 4.3d 5.5•bc 5.9" 4.3cd 5.4nb 4.8bd 4.7d ..... 
Colon 6.1 nbc 4.ld 5.4'b 6.0' 4.3cd 5.7ab 5.3b 4.5cd ••• 
Facultative Ileum 9.2nc 8.1 ne 7.8bc 8.2nc 7.0b 8.8ac 8.7nc 9.2'c .... 
an aerobes Caecum 9.9 8.7ab 9.3ab 8.2nb 8.4b 8.7ab 8.9° 8.6ab .... 
Colon 10.0' 9.1'b 8.4bc 8.1c 8.2< 9.1 be 8.6bc 8.6bc ..... 
B, ,c, Within rows, means with a common superscript are not significantly different (P > 0.05). .. p < 0.05, ** p < 0.01, .... p < 0.001. 
1 See Table 5.5. t denotes the microbial population was below detectable limits(< 3.0 log 10 cfu mr 1). 
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Table 5.17 Factorial analysis ofmicroflora population means (log 10 cfu ml"1) in gut contents of piglets fed different feed types at different time intervals. 
Main effect: Feed interval 1 Feed type2 Significance (P)3 
I 4 12 NFLF FLF . FI FT Fl x FT 
-
Coli forms Ileum 8. It 5. I 6.4t 7.5' 5. Ib ns *** * 
Caecum 7. I • 6.9" 7.68 7.7" 6.3b ns ** ns 
Colon 7.88 6.7" 7.5" 7.78 6.5b ns .... ns 
Total LAB Ileum 8.8" 8.8" 8.6b 8. I 8 9.0b ** ** ns 
Caecum 8.5" 8:68 8.3b 8. I" 8.7b ** ** ns 
Colon 8.6" 8.5" 8.3" 8.0" 8.7b ns * ns 
Lactobacilli Ileum 8.5" 8.2" 8.9' 7.8' 8.9b ns ** * 
Caecum 8.4' 8.5" 8. I b 7.9' 8.5b *** ...... ns 
Colon 8.4' 8.2" 7.7b 7.8' 8.3b ..... * ns 
Yeasts Ileum 5.5" 5.78 4. Ib 5.6' 5.o• ...... ns * 
Caecum 5.5" 5.78 4.6b 5.6" 5.o• *** ns ** 
Colon 5.68 5.8• 4.4b 5.78 5.3" *** ns * 
Facultative Ileum 8S 8S 8.9" 7.98 9.0b ns ...... * 
Anaerobes Caecum 9. I" 8.7" 8S 8.7" 8.8" ns ns ns 
Colon 8.9" 8.4" 8.5" 8.2" 8.8" ns ns ns 
a.o .. 
- • .... .. .... l Wtthm rows, means With a common superscnpt are not stgruficantly different (P > 0.05). ns not stgn1ficant (P > 0.05), P < 0.05, P < 0.01, P < 0.00 I. values relate to NFLF 
treatments only. 1 Pigs fed every I, 4 or 12 hours. 2 NFLF: Pigs fed non-fermented liquid feed; FLF: Pigs fed fermented liquid feed. 3.FI: Feed interval; FT: Feed type; FIx FT: interaction 
between feed interval and feed type. Full data set in Appendix 5. 
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small coliform population was detected in the 4-hourly FLF treatment, 5.1 Jog10 cfu g- 1• In 
the caecal and colon regions, the coliform populations were lower in piglets fed a FLF diet 
compared with those fed either a Dry or NFLF diet (Table 5.16). Piglets receiving dry feed 
had consistently higher coliform numbers in each gut segment analysed, although this was 
only statistically different from the FLF treatments in the caecum and colon samples 
(Table 5.16). The analysis showed piglets fed NFLF at !-hourly intervals had a similar 
coliform population at the terminal ileum (P > 0.05) to the dry fed treatment, 8.7 and 8.1 
Jog10 cfu g- 1 respectively (Table 5.16). The main effect of fermenting the diet was the 
significant reduction of the coliform populations in the gut, particularly in the terminal 
ileum, 7.5 and 5.1 Jog 10 cfu g- 1 for NFLF and FLF respectively (Table 5.17). There was 
no influence from feeding at different time intervals on the coliform populations in the·gut. 
The importance of the total lactic acid bacteria count from MRS agar is not clear. The 
highest counts were observed in the gut for piglet's fed FLF and dry feed, with the lowest 
counts found in the piglets receiving the NFLF at 12-hourly intervals (Table 5.16). The 
factorial analysis showed that the main effect from feeding a fermented diet was 'to 
increase the microbial population in the gut, whilst an increase in feed interval caused a 
decrease in microbial numbers. 
The lactobacilli populations were significantly affected by dietary treatment with the 
lowest counts found in the dry fed piglets,and the highest in those fed a fermented diet (P < 
0.001) (Table 5.16), Lactobacilli were not the predominant population in the dry fed 
piglets, and only the results of the caecum were included in the analysis due to low 
numbers of pigs having lactobacilli counts above the detectable limits(> 3.0 log 10 cfu g" 1) 
in their gut (Table 5.16). llhe main effect of feeding a fermented diet was to increase the 
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lactobacilli numbers along the gut, with the greatest influence at the terminal ileum (Table 
5.17} This effect is accentuated when the (log transformed) ratio of lactobacilli to 
coli forms (L : C) is examined (Figure 5.12). The dry fed piglets had a negative L : C ratio, 
the suckled and NFLF treatments resulted in an approximately even number of lactobacilli 
to coliforms whilst feeding a fermented! diet dramatically increased the L : C ratio. An 
increase in feed interval had the influence of decreasing lactobacilli numbers at the 
terminal ileum (P< 0.05), caecum (P < 0.001) and colon (P < 0:001) (Table SJ 7), There 
was a significant interaction (P < 0:05) between feed type and feed interval on the 
lactobacilli populations at the. terminal ileumbut not at the caecum or colon. 
Yeast populations were found' in the lower gastrointestinal tract of piglets from all 
treatments (Table 5.16). The highest populations were found in the piglets receiving liquid 
feed at 1- and 4-hourly intervals and dry pelleted diet. Although, in the piglets given dry 
feed only 50, 62.5 and 62.5 % of the terminal ilea, caeca and colons had detectable yeast 
populations, while WO% of the piglets on liquid treatments were positive (Table 5.14). 
Feeding a fermented diet did not statistically change the mean yeast numbers in the lower 
gut. Although feeding at 12-hourly intervals resulted in a lower population number ~Table 
5.17). 
The facultatively anaerobic microbial populations were influenced by the type of diet given 
to the piglets, with' the dry fed piglets possessing the highest numbers for each gut region, 
although only significantly in the caecum (P < 0.001) and colon (P < 0.001) (Table 5.16. 
Within the liquid feed treatments, the piglets receiving the fermented diet had the greater 
facultative anaerobe population size at the terminal ileum (P < 0.001) and caecum (P< 
0.05) (Table 5.17). 
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Figure 5.12 Lactobacillus: Coliform ratio (log transformed numbers) in lower gastrointestinal tract as determined by dietary treatment. 
4.00 
0 
:;::: 
ro ,_ 2.00 
E ,_ 
~ 
0 
(.) 
0.00 
Cl) 
:::s 
~ 
u 
Ctl 
.Q 
..9 
u -2.00 
Ctl 
.....J 
-4.00 
Dry Suckled NFLF(1) NFLF(4) NFLF(1 2) FLF(1 ) FLF(4) FLF(1 2) 
Dietary treatment 
0 Terminal ileum • Caecum • Colon 
286 
Chapter 5 Fermented feed ancJ.piglet performance 
5.3.3.6 Organic acids in the lower.gastrointestinal tract 
The concentrations of carboxylic acids quantified at the terminal ileum, caecum and colon 
of piglets fed different treatments are shown in Table 5.18 and visually represented in 
Figure 5.13. Acid concentrations were included if they appeared in more than 3pigs out of 
8 for each treatment. J:here was a large amount of variation between individual pigs. 
Acetate and propionate were the principal short-chain fatty acids found in each region, 
with formate being very important in the digesta ofthe terminal ileum for all treatments 
with the exception of suckled piglets (Table 5.18). Succinic and lactic acid were 
predominantly found in the terminal ileum at relatively low concentrations. It was not 
possible to quantify the butyric acid in the HPLC chromatograms due to the interference of 
a large peak eluting at approximately the same retention time and engulfing the ,putative 
butyrate peak (Figure 5.14). 
The suckled piglets had considerably less total organic acids present in the tem1inal ileum 
compared with other treatments although the concentrations of acetate and propionate 
increased significantly in the caecum and colon {Table 5.18). The greatest concentrations 
of formate, acetate and propionate were quantified in the !-hourly liquid feed treatments in 
the terminal ileum although this was significantly reduced in the caecum and colon {Table 
5.18 and Figure 5.13). 
Proportionally, acetate was the most dominant acid in each treatment with the exception of 
the terminal ileum of suckled piglets where succinic and lactic acid were the dominant 
acids found {Table 5.18 and Figure 5.13). Valeric acid, 13mM, was quantified in the caeca 
of DF piglets only {Table 5.18). 
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Table5.18 SCFA and lactate means (mmol g"1) in gut contents of piglets fed different feed types at different time intervals. 
Treatment1 
Dry Suckled NFLF(I) NFLF(4) NFLF(I2) FLF(I) FLF(4) FLF(12) p 
Succinate Ileum 2.1 b 0.3b 1.5b 0.9b 5.5" O.)b 0.6b 0.0' 
"" 
Caecum 0.0' 9.o•b 0.0' 7.1ab 13.78 5.ob 8.8ab 7.8•b "" 
Colon 0.0' 26.6" 0.0' 11.7b 0.0' 3.8b 12.3b 0.0' *** 
Formate Ileum 8.7b 0.0' 16.6" 7.3b 7.3b 16.28 4.7b 4.5b *** 
Caecum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 nd 
Colon 0.0 0.0 0.0 0.0 0.0 o,o 0.0 0.0 nd 
Acetate Ileum 6.6b 0.0' 16.88 7.6b 8.4b 17.48 4.8b 5.5b .-.. 
Caecum 115.0• 81.9ab 43.4b 106.6" 95.5ab 59.6b 86.2ab 71.4ab *" 
Colon 70.8" 37.58 50.5" 75.1 8 87.58 59.3 8 77.6" 89.68 ns 
Propionate Ileum 1.9b 0.2b 3.98 0.6b 0.4b 3.28 0.6b 1.9b *** 
Caecum 34.1 8 21.2ab 11.1 b 24.9ab 15.2b 14.4b 23.1ab 13.2b *** 
Colon 41.3" 18.8ab 3.3b 14.8b 8.4b 3.7b 18.2Db 13.2b ** 
Lactate Ileum 0.6" 0.28 0.78 1.s• 0.3" 1.4. 2.68 2.48 ** 
Caecum 0.0' J.6b 0.0' 0.0' 0.0' 0.0' 18.9" 0.0' *** 
Colon 7.7•b 12.1ab 0.0' 6.0b 0.0' 0.0' 15.9" 0.0' "*" 
Total Ileum 19.9b 0.7b 39.4" 15.6b 21.9b 37.88 11.6b 14.3b *** 
Caecum 168. 7" 120.7ab 58.0' 154.3" 124.4ab 83.5bc 136.9ab 92.5bc *** 
Colon 126.48 94.9nb 53.8b 107.6ab 95.8nb 66.7b 124.0" 102.8ab * 
a,o.c.CI Within rows, means with a com~non superscript are not significantly different (P > 0.05). ns =not significant (P < 0.05), * P < 0.05, ** P < 0.0 I, **" P < 0.00 I. 11d = 
not deterrn ined. 1 See Table 5.6. 
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Figure 5.13 Organic acids in gut contents of piglets fed different diets ad libitum. 
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Figure 5.14 Interference of the quantification of butyric acid by unknown peak eluting at approximately the same time (11.8- 13.0 mins). 
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5.4 Discussion 
Biological performance of piglets 
The commercial practice of weaning often results in post-weaning growth check, enteric 
disorders and increased mortality (Partridge·and Gill1993). Adaptation to the new dry diet 
post-weaning has often been implicated as a major factor in post-weaning stress and poor 
growth pe~formance (Partridge and Gill 1993; Brooks 1998). The adaptation from a warm 
liquid milk diet, supplied at 50 minute intervals by the sow, to a dry pelleted diet from a 
trough on an ad libitum basis is very stressful. Hunger and I or dehydration are often the 
result of the piglet failing to adapt to the new feed source and I or failing to find the nipple 
drinker within 24 hours of weaning (Bark, Crenshaw and Leibbrandt 1986). 
Difficulties in stimulating feed intake occurred in 9 of the 48 pigs that were fed liquid feed 
(2 x FLF (l), 2 x FLF(4), 2 x FLF (12), I x NFLF (4) and 2 x NFLF (12)). These pigs 
were generally the smallest and tended to be out-competed at the trough during the first 
two days post-weaning whilst in groups (Grant Ward, 1999, pers comms.). This appeared 
to affect subsequent perfonnance for the remainder of the trial. The full implications of the 
second reallocation from groups into individual housing on the performance of the pigs are 
not fully understood. 
Several studies have compared the effect of dry and liquid feed on growth performance in 
piglets and some investigations have dealt with the effect of freshly prepared liquid1 feed 
(non-fermented) and fem1ented liquid feed on growth performance in piglets (reviewed by 
(Jensen and Mikkelsen 1998; Scholten et al. 1999), In general, improvements in post-
weaning growth rates have been reported in most investigations With piglets fed liquid feed· 
(Scholten et al. 1999). In this study it was observed that piglets weaned onto a dry diet 
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consumed only very small quantities of feed during the first 48 hours post-weaning and 
tended to lose weight during this period. However, upon accepting the diet the pigs had a 
period of large feed intake and a subsequent period of compensatory growth rate. This 
reduced feed intake and subsequent growth check during the early days of weaning has 
been attributed to the piglets' unfamiliarity with the feed source and method of acquisition 
(Bark eta!. 1986; Partridge and Gill 1993). 
Liquid feed at a concentration of 8 parts water to 1 part feed was used in this study and this 
weak dilution may have compromised the performance of the pigs on this trial. The 
incorporation of high levels of water into the feed (120- 130 g kg·' DM) has been shown 
to depress feed intake and daily gain (Kornegay et al. 1981 ). Geary et al. ( 1996) suggested 
that differences in the dry matter of a liquid diet (149, 179, 224 and 255 g kg·' dry matter) 
had no influence on the dry matter feed intake although, there was a tendency for a reduced 
dry matter feed intake with feed of reduced dry matter. 
The piglets that were weaned onto the 1- and 4-hourly fermented or non-fem1ented liquid 
feed, consumed the feed within the first 24 hours and did not appear to suffer from a 
growth check. Piglets on the FLF diets did not perform as well as those on the NFLF diets. 
This is in disagreement with other workers that have found substantial improvements in 
growth rates for piglets fed on FLF diets {Russell et al. 1996; Jensen and Mikkelsen 1998). 
In this study, the volumetric feed intake per kilogram of metabolic body weight was 
similar for both diets. 'fhis suggests that there was no problem with palatability, but the 
dry matter feed intake was significantly lower in the FLF. 
292 
Chapter 5 F erme11ted feed a11d piglet perfomwllce 
In .this study the volatile fatty acids, lactic acid and alcohol concentrations in the feed were 
not measured and therefore:their losses from the feed when drying cannot be estimated. As 
a result it is difficult to estimate the energy differentia]: between the.diets. Pigs have been 
shown to compensate for variation in nutrient density of the diet by changing feed intake 
(Cole and Chadd 1989). It has been established that piglets can compensate for low energy 
diets by increasing feed intake but there is a physical' 'limitation (gut fill) that may prevent 
further intake of digestible energy. 
Another possibility for the. relatively poor pecformance of the piglets on FLF may be that 
the microflora.present during the fermentation process were utilising some of the essential 
nutrients, amino acids and vitamins, limiting the nutrients available to the piglet and 
thereby growth was restricted. Initial studies by the Danish Institute of Agriculturali 
Sciences at Foulum have found that > 25% ofthe synthetic amino acids, including lysine, 
are :utilised during the fermentation process (A. 0, Pedersen, pers comms) and therefore 
significantly alters the lysine: energy ratio of the diet. 
Liquid feed 
Levels of coliforms were present in the bacterial population during ·the early stages of 
steeping in both the NFLF and FLF. Conversion of the water-soluble carbohydrate 
component of the diet .to lactic acid by the lactic acid bacteria during prolonged steeping {> 
24 hrs} resulted in a reduction in pH and a concomitant decrease in the coliform bacteria. 
Similar patterns of microbiaJi succession and ecology have been observed in other studies 
on liquid feed fermentation's (Geary et al. 1996; Russell et al. 1996; Jensen and Mikkelsen 
1998). 
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Under the conditions imposed ,in this study the initial fermentation process, prior to feeding 
the piglets, reached a steady state after 5 days and was characterised by the development of 
a large population of lactic acid bacteria and yeast and the exclusion of coli forms (< 3.0 
log10 cfu mr1). Once the piglets began consuming the FLF a continuous fermentation 
process was established by adding 0:5 fermented liquid feed to 0.5 fresh non-fermented 
mixture. The high lactic acid content, low pH and large lactic acid bacteria population of 
the retained fermented liquid feed quickly reduced the pH of the fresh feed and maintained 
the biosafety of,the system. This was consistent with the findings of Jensen and Mikkelsen 
( 11998). 
Temperature had a direct influence on the physicochemical and microbiological aspects of 
the steeping process. The temperature.ofthe feed was higher than room temperature, which 
was probably due to the introduction of heat from the pumping and circulation of feed 
through the warn1 wean er accommodation at regular intervals, Increased mixing resulted in 
a warmer liquid feed, with much of the heat coming from the pump motor. Consequently, 
the l-hourly FLF was significantly warmer (28.6 ± 1.2°C, range 24.5 to 30.5°C} than the 
4-hourly FL-F (24.8 ± 1.2°C range 20.0 to 27.3°C}, In the 4-hourly NFLF feed the 
temperature of the feed followed a cyclic pattern whereby the cooling system and pump 
worked against each other. Every four hours the pump mixed the liquid feed in the tank, 
introducing energy as heat, followed by a period circulating the waim wearier 
accommodation before returning to the tank, which subsequently cooled the feed to 5°C. 
Loss of volatile components and water due to evaporation was minimised by covering the 
tanks with lids. Loss of dry matter in the FLF (12%) was considerably higher than in 
previous studies which reported the loss of approximately 3% DM (Smith 1976; Geary 
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1997; Jensen et al. 1998). The dry matter content. of the ]-hourly FLF was ·lower than the 
4-hourly FLF and this may have been due to an increase in microbial activity and an 
increase in the amount of dry matter being converted to acid, both of which are determined 
by temperature. The interval between additions of the feed to the tank (24 hrs) was greater 
in this study than that reported by Jensen and Mikkelsen (8hrs) (1998). This greater period 
between replenishments may have allowed the microflora greater opportunity for 
conversion of the carbohydrate component in the feed to organic acids and ethanol. 'fhe 
fermentations by Geary (1997) were conducted at a lower temperature, approximately 
23°C compared to 26.7°C, which may also have affected the DM loss. 
The organic acids and ethanol were not quaritified in the FLF and therefore loss of these 
microbial metabolites during the drying process could not be estimated. CVB (1999) 
estimated the loss of 8% lactic acid, SO% acetic acid and I 00% ethanol due to volatilisation 
during the procedure to determine dry matter content. No correction was made in the dry 
matter calculations for the volatile components of the FLF diet during this trial. 
In the presence of lactic acid bacteria and their end-metabolites the survival of the colifom1 
bacteria appeared to be inversely related to the temperature of the liquid feed. The .higher 
the temperature the quicker the reduction in the coliform population. After 96 hours the ]-
hourly FLF had no detectable coliforms present (< 3 log10 cfu ml' 1) whilst the 4-hourly 
FI;F had a colifonn population of 5.5 log 10 cfu ml' 1. The pH was similar in both cases, 
although 1the lactic and acetic acid concentration was not known. 'fhe influence of 
temperature was observed in the in vitro challenge studies presented in Chapter 4 and has 
important implications for the biosafety of the feed. Jensen and Mikkelsen (1998) 
suggested that a combination of low pH and high organic acid concentration inhibited 
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coliforms m liquid feed, The interaction between. temperature, pH, organic acid 
concentration and survival of coliform populations does not appear to have been reported 
in· other work related to liquid feeding. As a result of this investigation, it would appear 
that not only the presence of lactic acid bacteria and their associated end-products, 
including lactic acid, but fermenting the feed at an elevated temperature (> 25 °C} provides 
an additional safety feature. It is now evident that coli forms are more efficiently inhibited 
in FLF at higher temperatures (Chapter 4). 
rhe performance of the Lb. plantarum (rif) starter culture was highly variable between 
replicates. It is not fully understood why there was such a variation. The starter culture 
had been proved· to be active in liquid feed in other trials. One reason for its inactivity on 
this occasion may have been due to the high lactose component of the diet (93,5% of 
sugars), Further investigations in an· attempt to explain ,this indicated that cultures grown 
in glucose (MRS broth) and transferred to a 1lactose based substrate {MRS-Iactose) 
demonstrated a prolonged growth .check and acid reduction. llhis agreed with the findings 
of Bonestroo et al. ( 1992). The organism is believed to adjust its metabolism to 
accommodate the new carbon source involving different transport systems and an 
additional enzymatic step before entering the major metabolic pathways (Axelsson 1998). 
This may have given the epiphytic micro flora a competitive advantage over Lb. plant a rum 
(rit). Interestingly, the only replicate (4hr 2"d rep) in which Lb. plantarum (rit) was 
successful was conducted at a lower temperature which may have reversed the advantage 
to favour the starter culture as the optimum growth temperature for many lactic acid 
bacteria is above 30°C (Schlegell1986). 
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Following completion of the trial a flaw was identified in the,control of the temperature of 
the feed tanks (Grant Ward, pers comms.). Despite the NFLF tank being cooled by an 
external cold water jacket, the temperature of the feed did not reduce as efficiently as 
expected. The temperature ,pattern closely followed the feeding cycle with the pump 
mixing the liquid feed in the tank, introducing energy as heat, followed by a period 
circulating the warm weaner accommodation before returning to the feed tank. The 
cooling jacket needed approximately 2 hours to reduce the temperature after the 
introduction of heat to the system. It can be postulated that the water jacket was largely 
inefficient when the hourly feeding cycle did not allow enough time for a temperature 
reduction before the next cycle commenced. Thus the relatively stable temperature of•the 
1-hourly NFLF tank just below room temperature. The 4-hourly feeding interval allowed 
the feed to be cooled to 5°C before .the next feed cycle introduced heat and warmed the 
feed up again. 
There was a significant increase in· each microbial group (coliforms, lactic acid bacteria, 
yeasts and total' aerobic counts) measured in the NFLF was independent of the temperature. 
The increase in populations over the 24 hours may have been partly due to the recovery of 
sub-lethally injured cells present in the feed that were susceptible to the selective agents in 
the media at Time 0. Growth rates of the selected organisms were not measured in this 
experiment. 
297 
Chapter 5 
Ecophysiology of the gastrointestinal tract 
Mucosal structure 
Fermented feed and pigletperfomzance 
Most published studies on mucosal structure have concentrated on the morphological 
changes in the small intestine during the immediate post-weaning period (Miller et al. 
I 984; Hampson 1986a; Hampson l986b; Hampson 1986c; Miller et al. J.986; Kelly et al. 
I 990; Kelly et al. l99I'a; Kelly, Smyth and McCracken 1991 b; Pluske.et al. I996a; Pluske 
et al. l996b). This study concentrated on differences in piglets fed on different diets for 14 
days post-weaning (35 days of age). Cera et al. (1988) demonstrated that the villus height 
in the gut of piglets in the period post-weaning was reduced, although by 35 days of age 
(14 days post-weaning) there was a restoration in villus height. Therefore, the differences 
observed in mucosal structure may have been strongly influenced by diet treatment and 
feed (energy) intake. Deprez et al. (1987) recorded a higher villus height in pigs fed liquid 
compared with the same diet in a liquid form, 8 and I I days post-weaning. This may have 
been a result of a higher feed intake by the piglets fed the liquid diet. Furthermore, it has 
been hypothesised that liquid feed may be less abrasive on the mucosal lining of the gut 
compared with dry pelleted feeds, resulting in a lower shedding of enterocytes (Pluske 
2001). 
The positive correlation between dry matter feed intake and villus height observed in the 
experiment reported here was in agreement with other studies emphasising the importance 
of nutrient I energy intake on mucosal structure (Kelly et al. I99Ia; Kelly et al. 199lb; 
Plush: et al. ·l 996a; Pluske et al. 1996b ). Feeding a fermented diet did not appear to 1have 
a trophic effect on the mucosal structure ofthe small intestine. 
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The reduced villus height and subsequent reduction in the small intestine absorptive area of 
the 12-hourly fed piglets may help to explain their increased susceptibility to diarrhoea and 
growth check in .the post-weaning period (Nabuurs, Hoogendoom, Van Der Molen and 
Van Osta 1993). 
Gastric pH 
Feeding a fermented diet resulted in a lower gastric pH compared to a NFLF, 3 hours after 
piglets had their last feed. The gastric pH, 3.7, of piglets fed FLF is at an optimum for 
protein digestion, which may improve the digestibility of the diet. The results in this study 
are in agreement with Mikkelsen and Jensen (1997) and Jensen and Mikkelsen ( 1,998). 
The pH in the stomach is the result of hydrochloric acid secreted by the stomach mucosa 
and the buffering capacity of the diet. Stomach pH ,is not constant during the digestion of 
feed. Gastric secretions from 'the mucosa, mainly hydrochloric acid and pepsinogen, 
commences immediately a meal is consumed. 1he pH reaches a peak I to 2 hours later, 
and stays at .that level for 4 to 5 hours (Kidder and Manners 1978). However, the pattern 
of pH change can be affected by dietary factors. A low gastric pH may be beneficial for 
three reasons I) a low pH inhibits the growth of potentially pathogenic bacteria, such as E. 
coli and Salmonella spp.; 2) a low pH may indirectly stimulate protein digestion and 3) a 
low gastric pH reduces the rate of gastric emptying, thereby allowing more time for 
digestion to occur (Scholten et al. 1999). 
Gastroi n t es ti na l.m i croft ora 
Previous work has indicated that the enteric micro flora of pigs weaned at 21 days of age is 
more susceptible to dietary and envirorunental influences than that of piglets at > 28 days 
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of age and hence, more susceptible to associated digestive disorders (Mathew et al. 1996). 
The fluctuations in the microflora of the 21 day old weaned piglet have been associated 
with the immaturity and hence instability of the gut microflora which has not had the time 
to establish a mature autochthonous population before weaning (Mitsuoka 1982; Mathew 
et al. 1996). In theory, this period of susceptibility also allows the greatest opportunity for 
feeding FLF and establishing.a stable microflora that is dominated by 'beneficial' bacte~ia. 
The results from this study demonstrate that feeding a fermented liquid diet resulted in a 
reduced coliform population in the gut. The piglets (4-hourly FLF) receiving FLF 
fermented at a lower temperature (approx. 24°C) appeared to have higher numbers of 
coliforms at the terminal ileum than those receiving feed fermented at a higher temperature 
(approx. 28°C). This is further evidence to illustrate the importance of temperature on the 
biosafety offermented liquid feed. In vitro studies have demonstrated the ability of E. coli 
and Salmonella strains to survive long periods in the acid conditions of FLF at a low 
temperature (20°C) (Chapter 4). The colifom1 results for the piglets fed the 4-hourly FLF 
in this study are in agreement with those of Jensen and Mikkelsen (1998), who found •the 
coliform numbers at the terminal ileum to be approx. 5.5 log10 cfu g'1 digesta in piglets fed 
FLF prepared at 20°C. The confounding results from temperature and feed interval need to 
be separated. This observation needs to be further investigated due to the implications on 
gut health of the piglets. 
Liquid feed that has not been fermented represents a risk when fed to young piglets since 
there is a potential for pathogenic bacteria to grow in the feed and hence be ingested by·the 
piglet. The large coliform population seen in the gut would have been a consequence of 
ingesting large numbers in the liquid feed. 
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Muralidhara et al., ( 1977) proposed a relationship in the gastrointestinal tract between 
lactobacilli (L) and coliforms (C) by expressing the data as a lactobacilli to coliform ratio 
(L:C). ~he authors suggested that higher L:C ratios in the gut may be associated with a 
microflora that contributes to the improved health and performance of the host. In this 
study, data indicated that a higher L: C ratio was achieved when a fermented diet was fed. 
This phenomenon was most probably due to the fermentation of the feed excluding the 
coli forms ·prior to feeding and containing a large lactic acid bacteria population. The dry 
fed piglets had the lowest L: C ratio with a predominance of coli forms in each section of 
the gut monitored. Due to the low incidence of diarrhoea, the differences in L: C ratio 
could not be equated to health problems in this study. 
It was not possible to detect the supplemented rifampicin resistant Lb. plantar:um in the 
digesta of the gastrointestinal tract. The rifampicin-resistant Lb. plantarum was only 
inoculated to the fermentation system on Day I as a starter culture and was quickly 
succeeded by strains of lactobacilli more adapted to the diet and growth parameters. The 
marked Lactobacillus formed only a minor component in the microflora of the feed and 
was unlikely to dominate in the gastrointestinal tract unless it colonised. There was no 
evidence .of this from the present study. The identity of the other Lactobacillus strains 
involved in the natural microbial succession in the feed was unknown and therefore it is 
not known if any of these organisms colonised or dominated the gut lactic acid bacteria 
flora. 
Other workers have used the technique of feeding rifampicin resistant lactobacilli strains as 
a means of tracing the specific organism's fate in piglets, by diet supplementation 
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(Pedersen and 1'annock 1989) and indirectly by feeding to the sow (Pedersen, Christensen, 
Steffensen, Schyum and Johansen 1992). Pederson and Tannock (1989) supplemented 
specific antibiotic-resistant strains of lactobacilli in piglet diets to trace the fate of these 
organisms in the gastrointestinal tract. These investigators demonstrated the predominance 
of the antibiotic-resistant strains of lactobacilli during the first days after inoculation 
followed by a gradual decrease over time, A subsequent study using plasmid profiling of 
Lactobacillus isolates demonstrated a natural biological succession of lactobacilli strains 
better adapted to the changing gastrointestinal ecosystem over time (Tannock 1990). The 
authors identified that the successful succession strains had the potential to grow rapidly, 
thereby outnumbering competing strains, were efficient at con~erting nutrients to cellular 
components and could adhere well to epithelial cells. 
Subsequent work in this laboratory has shown that the same strain of Lb. plantarum 
(rifampicin resistant) can be isolated from the faeces of sows, and their neonatal piglets, 
when fed a liquid feed batch fermented using the same strain (V. Demeckova, pers 
comms.). 
Analysis of both volatile fatty acids and lactate were included to detennine if the changes 
of these fermentation acids were associated with similar changes in the microflora groups 
that were monitored in this experiment. VFA concentrations may indicate major shifts in 
bacterial populations and I or fem1entative pathways occurring due to dietary treatment. 
High levels of formate and SCF A in the small intestine were observed in piglets fed liquid 
diets and may have resulted from the starch component being made available through 
steeping the diet and thus providing an easily fermentable substrate for the intestinal 
microflora. Higher concentrations of fermentation acids were observed in the caecum and 
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colon of the piglets that remained suckling their dam and those pigs fed a dry diet 
compared with the liquid fed piglets. 
Because only a very limited portion of the enteric microbial population was monitored, and 
fermentation acids are a product of many species of micro"organisms using a number of 
metabolic pathways, it is not surprising that a· direct correlation between the microflora 
profiles and short-chain fatty acids was not evident in this study. However, it is apparent 
from both microflora and short-chain fatty acid data that feeding a fermented liquid diet 
during the post-weaning period has a significant effect on the ecophysiology of the 
gastrointestinal tract. 
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5.5 Conclusions 
'f.he biological perfonnance of the pigs fed a fennented liquid feed may have been 
compromised due to the low dry matter concentration of the diet. A regressional analysis 
ofthe pooled data from the liquid fed piglets highlighted the importance of feed intake (y = 
0.0797x + 348.05, r = 0.78, P < 0.001, n = 40) in maintaining villus height two weeks post-
weaning. 
The prolonged steeping of the feed allowed the proliferation of the lactic acid bacteria, a 
reduction in pH and exclusion ofcolifonns. 
The gut micro flora was significantly influenced by feed fonn. Feeding FLF resulted in a 
dramatic reduction in colifonns in the lower gastrointestinal tract, particularly at the 
terminal ileum. The changes in proportions and quantities of organic acids produced in the 
gut by the microflora suggest that feeding different fonns of the same diet can allow the 
development.of different gut microbial populations. 
These results have implications in terms of piglet health and dietary prevention of enteric 
diseases. 
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Chapter 6 
Improving the acceptability and palatability of liquid 
feed for post-weaned piglets. 
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6.1 . General Introduction 
Fennented liquid feed has been associated with an increase in feed intake and concomitant 
improvement in daily weight gain. In a review of the published experiments with weaner 
piglets, Jensen and Mikkelsen (1998) found a mean .improvement of 22.3 % in· average 
daily gain associated with feeding a fennented liquid feed versus a dry feed, but the range 
of results was 9.2 to 43.8%. Further, feeding a FLF resulted in an improvement in average 
daily gain of 13.4% compared with liquid feed, with a range of 5.7 to 22.9%. It has been 
assumed that the palatability of fennented liquid fee~ greatly influences feed intake and 
growth perfonnance of piglets (Kiandennan 1994; Brokken 1996). The severity of the 
growth check the piglet experiences post-weaning will be significantly influenced by the 
interval to the first meal following weaning and moreover, the time the piglet takes to 
establish a regular feeding pattern. In turn, the duration and severity of the growth check 
can affect the health and future growth perfonnance;ofthe growing pig. 
The aim of the following experiments was to establish whether the manipulation of the 
flavour ofliquid feed had an influence on feed intake by newly weaned pigs and assist in 
the identification offactors that influence feeding behaviour. 
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6.2 General expeliimental facilities 
6.2.1 The 'Old Bull Pen'- Seale-Hayne Farm 
Palatability studies 
llhe piglets were housed in a specialist facility, comprising of 8 individual pens. The 
layout of the building is illustrated in Figure'6.1. Each pen was 116 x 75 cm in floor area. 
llhe pen floors were totally perforated and beneath each pen was a stainless steel effluent 
tank that could be removed and emptied manually. In each pen, a rubber mat was provided 
for comfort. Room temperature was adjusted with wall mounted fan heaters, 
Pens were provided with two individual troughs (Addis Ltd., Hertford, England) with a 3.5 
litre capacity (225 x 1'90 x 127.5 mm) (Plate 6.'1'). The piglet had equal access to each 
trough. The front of the pen could be easily opened to remove the troughs without 
disturbing the piglets. Whilst feeding piglets .could not observe other piglets feeding and 
therefore, not influence choice of feeding position. Each day, after the weigh-back of 
residual feed, the troughs were cleaned in water treated with I 00 ppm chlorine dioxide 
(CI02) and rinsed in potable tap water. 
Each pen was provided with water from a bowl positioned 10 cm above the floor and 
supplied from a 5 litre water tank situated within the pen (Plate 6.2). An overhead heat 
lamp in each pen kept the piglets warm. A social interaction panel (88 x 64 cm) allowed 
each pig to have 'contact' with one of its neighbours (Plate 6.2). This helped to reduce the 
stress of ,the piglets being individually housed. Between experiments, pens were cleaned 
and effluent tanks emptied and the facility allowed to 'rest' for a week before the next 
experiment commenced. 
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Figure 6.1 Schematic diagram of the internal layout of the 'Old Bull Pen' building-
Seale-Hayne farm. Scale 1:33. 
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Plate 6.1 Aerial view of choice feeding pen showing two troughs containing liquid feed. 
Plate 6.2 Front view of choice feeding pen shows the social interaction panel, water 
container and heat lamp. 
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6.2.2 The 'Green Box'- Seale-Hayne Farm 
Building 
The piglets were housed in a temperature controlled, flatdeck weaner house, comprising of 
10 pens. Each pen was 1.44 x 1.25 m in floor area. The layout of the,building is illustrated 
in Figure 6,2. Pens were provided with an individual fixed plastic trough with two internal 
divisions and a 2 litre capacity ( 44 x I 0 cm) (Plate 6,3). Furthermore, each pen contained a 
low pressure drinker (Arato 76, Bernard Partridge, Weeley Heath, Essex) positioned 20 cm 
above the floor, with a delivery rate adjusted to exceed 450 cm2 per min (Geary 1997). 
Water intakes were recorded using turbine flow water meters (PSM-L, Kent Meters, Luton, 
Bedfordshire). 
Feed system 
The troughs in the weaner house were supplied from a liquid feeding system (Hampshire 
Feeding Systems Ltd., New Milton, Hampshire) comprising of 2 x 450 litre mixing tanks 
and a. dual pipeline circulation system which enabled two different liquid feeds ·to be 
pumped to alternate pens (Plate 6.4). Feed was circulated for a period of 20 min every 
hour, liquid sensors in the trough alerted the system when empty and were subsequently 
replenished with 1 litre aliquots ofliquid feed. The system was completely automated and 
the number of 1 litre aliquots dropped per pen was recorded. The system was replenished 
on a daily basis with fresh feed and water and run on a continuous basis for the duration of 
the trial. 
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Figure 6.2 Schematic diagram of the internal layout of the flatdeck weaner house 
('Green box'), scale 1 :43 (reproduced with permissjon from Geary, 1997). 
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Plate 6.3 
Plate 6.4 
Palatability studies 
Liquid feed system with plastic feeding trough within the flatdeck weaner 
house. 
Internal view of the pen layout in flatdeck wean er house. 
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6.3 The effect of fermentation and I or sanitisation of liquid 
diets on the feeding preferences of neWly weaned piglets 
6.3.1 Introduction 
Many fanns prepare a fresh liquid feed daily to increase feed intake in the period 
immediately post-weaning. Unfortunately, there are biological risks attached to .this type 
of feed preparation. Steeping feed in water allows the proliferation of epiphytic coli forms, 
including potentially pathogenic E. coli, over the first 24 hours. As previously discussed 
(Chapter 4) E. coli is responsible for a number of transmissible and non-transmissible pig 
diseases in the post-weaning period. 
Chlorine compounds (hypochlorite; hypochlorous acid, and Ch) are the disinfectants used 
most widely in water and wastewater treatment, and are commonly used as food sanitizers 
(Foegeding, Hemstapat and Giesbrect 1986; Beuchat, Nail, Adler and• Clavero 1998). 
Chlorine treatment of water that contains residual organic compounds or contact with 
organic material can result in the formation of halogenated organic compounds, 
particularly trihalomethanes. A number of investigations have indicated that chlorine 
dioxide (Cl02} is a disinfectant equal to or more effective than chlorine. However, Cl02 
does not result in the formation of chlorinated organic compounds to the extent observed 
with chlorine. Chlorine dioxide (Cl02) is a polar gas that readily dissolves in, but does not 
react with, water. This compound• has a larger oxidation capacity than .·that of 
hypochlorous acid (HOC!) because it can accept 2.5 times more electrons than HOC!, but 
its oxidation potential is less (White 1986): 
CI02 + e- ~·Cl02 = 1.5 V 
HOC! + H+ + 2 e- ~ er+ H20. 
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Chlorine dioxide is currently used in the food industry in applications such as treatment of 
vegetable fluming water .(Lillard 1979), drinking water treatment plants in the United 
States (Richardson, Thrusten, Collette, Patterson and Lykins 1996) and poultry chill water 
~DA 1995). Potential applications in the food industry include vegetable processing, 
citrus packing, fish, meat and poultry processing (cited from Han et al. 1999). The mode 
of action of chlorine dioxide on Escherichia coli was shown to involve ·the:efflux ,ofK+ and 
subsequent loss of permeability control as the primary lethal effect at the physiological 
level, with non-specific oxidative damage to the outer membrane leading to the,destruction 
ofthe trans-membrane ionic gradient (Berg, Hoff, Roberts and Matin 1986). 
Work in this laboratory has shown that chlorine dioxide at a concentration of 300 ppm was 
effective in sanitising liquid feed by reducing the lactic acid bacteria, coliform and yeast 
populations to below detectable limits (< 3.0 log10 cfu ml" 1 liquid feed) (Demeckova, 
Moran, Caveney, Campbell, Kuri and Brooks 2000): uhis study demonstrated that 
chlorine dioxide could have a potential role in sanitising liquid feed by eliminating the 
epiphytic micro flora. It could also have a role in the production of FLF if used to remove 
the epiphytic microflora before inoculation with a selected lactic acid bacteria starter 
culture. 
The aim of the study reported here was to investigate the potential value of chlorine 
dioxide in the preparation of fresh or fermented liquid feed, in particular, to examine the 
effects on palatability. 
The objectives of this trial were to investigate: 
feed selection of fermented or non-fermented liquid feed when given in a sanitised or 
non-sanitised form 
the liquid feed preference as determined by rank order. 
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6.3.2 Materials and Methods 
Experimental design 
The experiment was allocated according to a randomised incomplete block design with six 
paired dietary treatments and four replicates. 
Dietary treatments 
There were four dietary treatments: 
A) FLF = fermented liquid feed; 
B) FSLF = fermented and subsequently sanitised liquid feed; 
C) LF = freshly prepared liquid feed; 
D) SLF =sanitised liquid feed. 
One replicate comprised of one individually housed piglet presented with one of the 
following six paired treatments: 
Treatment .pair I: FLF vs FSLF 
Treatment pair 2: FLF VS LF 
Treatment pair 3: FLF vs SLF 
Treatment pair 4: FSLF vs LF 
Treatment pair 5: FSLF vs SLF 
Treatment pair 6: LF vs SLF 
Diet and dietmy preparation 
The diet used was a commercially produced, pelleted, first stage starter diet .(Startercare 
Earlywean Pellet, Product code 3932) produced by BOCM Pauls Ltd. (Ipswich, England). 
The declared nutrient composition of the diet was (g kg- 1): crude protein 21 0; crude fibre 
20; total ash 55; moisture l38; oil 85 and lysine 17. The diet was supplemented with 
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vitamins (i.u kg- 1): vitamin A 10,000; vitamin D3 2,000 and vitamin E. Selenium was 
supplemented at 0.3 mg kg-1• The diet contained 175 mg kg'1 copper (as CuS04) and 40 
mg kg- 1 Avilamycin (Maxus, Elanco Products Ltd., Basingstoke, Hampshire) for growth 
promotion. 
Liquid feed - liquid feed was prepared by mixing 3.0 kg of pelleted feed with 7.5 kg of 
deionised water (I .: 2.5 w/w ratio) in a 25 litre fermentation bin {RPC containers, Oakham, 
England). Pellets were allowed to dissolve and· frequently mixed over a period of an hour 
before distribution into the piglet troughs. A:ll water used in this trial was deionised and at 
30°C. 
Sanitised 'liquid feed - 125.4 ml of chlorine dioxide concentrate (Sanitech 2%, Alltech 
Inc., Kentucky, USA) was added to a clean 25 litre fermentation 'bin. 12.5 g of citric acid 
was added to activate the chlorine dioxide, and· .the mixture stirred gently to dissolve the 
citric acid. The reaction was allowed to proceed for five minutes until' the pH had dropped 
to approximately 2.6 and the activated solution turned yellow"green. 7.5 I of deionised 
water (30°C) was added to the fermentation bin and 3,0 kg of the feed added slowly and 
constantly mixed to ensure an homogenous product. The finished liquid feed contained 
300 ppm chlorine dioxide which was left to steep overnight to ensure sanitisation· of ihe 
feed (after Demeckova et al., 2000). 
Fermented liquid feed - Pellets were dissolved in water as for liquid feed treatment and ·I 
litre was removed and inoculated with I 0 ml of an overnight culture (MRS broth, 30°C,-
9 log10 cfu mr1) of Lactobacillus plantarum (PC-81-11-06, Alltech Inc., Kentucky, USA), 
The mixture was stirred to ensure a homogenous distribution of the starter culture before 
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being mixed into the bulk liquid feed in the fermentation bin giving a final concentration of 
approximately 6 logiO cfu mr' liquid feed, Initially, the fermented feed was prepared 96 
hours in advance and incubated at 30°C for the duration of the fermentation. Fifty percent 
of the fermented feed was fed each day and 50% 'backs lopped' at a 50:50 ratio with fresh 
liquid feed and incubated at 30°C overnight; this accelerated the fermentation process. 
Fermented and subsequently sanitised liquid feed - Fermented liquid feed was prepared 
as above. The exception to the preparation was that the 50% of FLF to be eaten daily had 
an additional process step included. A concentrated solution of chlorine dioxide was 
blended into the FLF to give a final concentration of 300ppm Cl02 and this was allowed to 
steep for a further 18 hours before being fed to the piglets. 
Tr:ial procedure 
Eight individual pens in the specialist facility (See Section 6.2) were stocked with newly 
weaned pigs (23.5 ± 0.5 days ofage, 12 of each sex) weighing 8.9 ± 1.3 kg live weight. 
Each pig was offered a choice of two different feed preparations in two separate troughs. 
This corresponded to a feed treatment. ~reatments were assigned randomly to the 
experimental design. The pigs were maintained on treatments for 14 days. Piglets were 
weighed at weekly intervals throughout the experimental period. 
Samples (I OOg) were removed from fermentation bins before being fed to piglets to 
monitor the pH and dry matter composition of the feed. The pH of liquid feed was 
measured using a calibrated electronic pH meter (W.G. Pye & Co. Ltd., Cambridge, UK). 
Dry matter was estimated by drying samples in an oven (l03°C) to a constant weight 
(Method: ISO 6469 I NEN 3332). 
317 
Chapter 6 Palatability studies 
One litre of liquid feed was added to an individual trough according to the experimental 
design. At the end of each day the feed was stirred using a sterile spoon (autoclaved) to 
stop feed settling in the trough, new feed added if necessary and troughs were switched ('A' 
- 'B' ~ 'B' - 'A') around to prevent a left or right-handed feeding bias influencing the result. 
Each morning the remaining feed was weighed back and the weight recorded. Troughs 
were cleaned before being replenished with their respective liquid feed. 
Health status of the piglets was assessed daily. The faeces were scored daily using the 
following scale: 
0 =None (no faeces) 
·l = Hard.pellets-(<.60% water, e,g. faeces ofunweaned piglet) 
2 = Soft pellets (many pellets formed together, e,g. healthy weaned piglet) 
3 =Soft fonned (has shape but pellets not distinguishable) 
4 =Soft unformed (mixture of solid and fluid faeces) 
5 = Runny(> 80% water, fluid like faeces, e.g. diarrhoea) 
Piglets with scores of 2 or 3 were considered healthy, whilst a score of 5 was classified as 
scouring. All other'Signs of illness and all veterinary interventions were recorded. 
Statistical analysis 
Biological performance analysis 
Feed intake was calculated on a dry matter only basis (DMFI). Feed conversion ratio 
(DMFCR) was the appropriate multiple of DMFI divided by the weight gain of the pigs. 
Performance data were subjected to a one-way analysis of variance. Daily gain was also 
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analysed usmg covariance analysis (using weanmg age as a covariate), Significant 
differences between treatment means (P < 0.05) were compared by Tukey's HSD test (Zar, 
1999). 
F eed1 preference analysis 
Two methods for analysing the results of the preferencetest have,been used 
I) Percentage preference= Volume of liquid feed 'A' consumed X 100 
Total volume of liquid feed ('A' +'B') consumed 
Performing a two~ tailed paired sample t-test assessed differences in feed selection of 
the paired feed combinations. 
The percentage preference may be interpreted as follows. A .percentage preference of 
50% indicates that the animal consumed equal volumes of the two choice feeds. A 
value higher thim 50% indicates a preference and a 100% preference indicates that the 
animal consumed only one feed (Kennedy and Baldwin, 1972). Goatcher and Church 
( 1970) went further in describing percentage preferences to indicate that 60-80% 
indicates a moderate to weak preference whilst 80-100% indicates a strong preference. 
2) Differences in overall feed consumption, as relat~d to individual feeds, by the piglets 
was assessed by a one-way analysis of variance. Data were checked for homogeneity 
of variance and visually inspected for nom1al distribution. Significant differences 
between treatment means (P < 0:05) were compared by Tukey's HSD test (Zar, 1999). 
All statistical' analyses were undertaken using Minitab v. 10:2 (Minitab Inc., Pennsylvania, 
USA, 1994). 
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6.3.3 Results 
Health 
In the first replicate one piglet entered the trial lame and had to be treated for joint"ill with 
one ml injections of Dliphamox (Solvay Duphar Veterinary, Southampton, England) on 
three consecutive days .. The performance of this piglet did not appear to be affected by the 
illness or treatment. Therewere no other problems with the health of the piglets. 
Growth and feed utilisation. 
The biological performance of the pigs is summarised in Table 63.1. Data for DMFI, ADG 
and OMFCR in each week of the trial and for the overall period were analysed using 
weaning weight as a covariate in the analysis of variance due to the large range in weaning 
weights (8.9 ± 1.3 kg). Feeding different combinations of feed did not influence piglet 
performance at any stage during .the trial period. There were no statistical differences 
between treatments due to the 'large variation between the individual piglet performances. 
Pigs showed an overall preference (P < 0.001) for non-fermented liquid feed and 
consumed 310.7 litres compared with 95.7 litres of fermented liquid feed (Figure 6.3.1). 
Within the fermented liquid feed treatments the pigs showed a· significant (P < 0:05) 
preference for the sanitised treatment, consuming 66.9 litres of FSLF compared with 28.8 
litres of FLF. There was no statistical difference ·between non- fermented treatments. 
The percentage preference of feed· preparations when given in paired choice combinations 
confirms the strong preference for non-fermented liquid feed treatments compared with 
fem1ented liquid feed (Figure 6.3.2). When FLF and FSLF were offered as a choice 
combination the piglets showed a strong preference (79 ± 17.7 %) for the sanitised form 
(FSLF) of the feed. There was no preference between non-fermented liquid feed 
treatments. 
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Table 6.1 Post-weaning performance of pigs fed different paired combinations of 
liquid feed in a choice feeding environment. 
Parameter Period Paired dietary treatmentsf 
AvsB Avs·C AvsD BvsC BvsD CvsD 
Dry matter week 1 178 203 262 200 239 292 
feed intake 
(g.d-'} week2 478 455 531 401 541 502 
overall 316 319 386 293 378 389 
Daily gain week 1 243 229 400 214 357 396 
(g.d-1 ~· 
week2 317 300 250 250 350 408 
overall 277 262 331 231 354 402 
Dry matter week 1 0.82 1.07 0.72 0:92 0.71 0.81 
feed 
conversiOn week2 1.91 1.71 1'.87 1.81 1.53 1.78 
ratio 
overall 1.27 1.26 1'.26 1.31 1.07 us 
No statistical differences were found between treatments 
1 where: A= fermented liquid feed; B =fermented and subsequently sanitised liquidfeed;•C =freshly 
prepared liquid feed; D = sanitised liquid• feed. 
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6.3.4 Discussion 
Performance of the piglets was unaffected by the feed choice combination given. Piglets 
substantially preferred the non"fermented liquid feed treatments. Sanitised fermented 
liquid feed was preferred to the fermented liquid feed. It is unclear how the chlorine 
dioxide influenced the flavour of the feed or if there was another unknown factor 
influencing feed: intake. A number of·hypotheses may be suggested. The chlorine dioxide 
in its capacity as an oxidant may be oxidising one or more feed components that are either 
unpalatable or made more palatable upon oxidation thereby increasing feed acceptance. 
vhe chlorine dioxide (or citric acid used in activation) may itself be imparting a flavour on 
the feed that is palatable to the piglet. Although no benefit was observed with the feed 
acceptance of SLF over LF. Another hypothesis is that the chlorine dioxide inhibits the 
yeast producing carbon dioxide which may irritate the lining of the piglets nostrils whilst 
eating from the trough. Further investigation will be necessary to elucidate the cause for 
increased feed acceptance when feed is treated using chlorine dioxide. 
Chlorine dioxide can be used for producing a sanitised liquid feed, which is well accepted 
by piglets. This study observed a definite advantage in feeding a sanitised liquid feed 
rather than a fermented liquid feed, both of which may be considered 'biosafe', in a 
preference test. There may also be some benefit from the addition of chlorine dioxide to 
fermented liquid feed with an increase in feed intake observed in a feed preference test. 
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6.4 The effect of fermentation or sanitisation of liquid diets 
on the performance of newly weaned piglets 
6.4; 1 Introduction 
Piglets offered a choice showed a significant preference for a sanitised liquid feed when 
given in combination with a fermented liquid diet. In commercial practice piglets are not 
given a choice of feed and therefore it is important to make a straight comparison to see if 
there is a greater feed intake of a sanitised liquid feed when there is no choice given, 
particularly in the immediate period post-weaning. Therefore, the aim of the study was to 
investigate the potential benefit of chlorine dioxide treated liquid feed on the performance 
of group housed piglets. 
The objective of this trial was to investigate the effect of diet treatment, sanitised or 
fermented; on biological performance and efficiency of piglets over three week period 
6.4.2 Materials andMethods 
Experimental design and treatments. 
Forty-eight Large White x (Large White x Landrace) weaner pigs (average weight (7.7 ± 
1.0 kg) and age (21.5 ± 0.5 days) were allocated to a randomised block design to compare 
the effect of feeding newly weaned piglets ad libitum, on either a sanitised or fermented 
liquid feed. The treatments were replicated four times. A replicate consisted of two pen 
groups (12 pigs), each replicate consisted' of three females and three entire male piglets. 
The dietary treatments were introduced at weaning and continued for 21 days. The two 
dietary treatments were: 
Sanitised liquid feed (SLF) and Fermented liquid feed (FLF). 
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Diets and dietary preparation 
The diets used were commercial diets obtained from BOCM Pauls Ltd. (Ipswich, 
England). The declared nutrient composition of the diets is given in Table·6.4. 
Table 6.4. Declared nutrient composition ofthe·diets used 
Diet I Diet 2 
Crude protein (g kg-1) 210 205 
Crude fibre (g kg. 1) 20 35 
Total ash (g kg" 1) 55 60 
Moisture (g kg"1) 138 138 
Oil (g kg-1) 85 60 
Lysine(g kg' 1) 17 15 
Vitamin A (i.u kg-1') 10,000 10,000 
Vitamin D3 (i.u kg. 1) 2,000 2,000 
Vitamin E (i.u kg- 1) 250 100 
Selenium (mg kg. 1) 0.3 0.5 
Avilamycin(•) (mg kg-1) 40 40 
Copper sulphate (mg kg- 1) 175 175 
(a) Avilamycin (Maxus, Elanco Products Ltd., Basingstoke, Hampshire) 
Sanitised liquid feed: 
The SLF diet was prepared 'by mixing 30 kg of Diet l with 60 litres of water. 1.32 litres of 
chlorine dioxide concentrate (Sanitech 2% v/.v, Alltech Inc., Kentucky, USA) was mixed 
with 13.68 litres of clean water in a 20 litre plastic bucket and activated by the addition of 
I 00 g of citric acid. The mixture was stirred gently, allowing the citric acid to dissolve, for 
5 minutes until the solution turned yellow-green in colour. This mixture was added to the 
liquid feed mixture and mixed well to ensure homogeneity. The resultant ;liquid diet, 
containing 300 ppm chlorine dioxide, provided a dry matter concentration of 255 g kg· 1 
(.water to feed ratio of 2.5:1). The fresh mixture was allowed to steep overnight before 
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feeding to piglets. Each new batch of sanitised liquid feed was prepared and steeped 
overnight in separate 25 litre fermentation bins before addition to the main distribution 
tank to ensure the pigs received a sanitised feed. After I 0 days Diet I was replaced with 
Biet 2 for the remainder of the trial. 
Fermented liquid feed: 
FLF was prepared by mixing 50 kg of Diet I· with 125 litres of water to provide a dry 
matter concentration of 255 g kg- 1 (water to feed ratio of 2.5: 1). 50 g of a freeze dried 
culture {I x 1010 cfu g'l) of Lactobacillus plantarum (PC-81-11-06; Alltech Inc., 
Kentucky, USA) was mixed with 1 litre of the liquid feed and subsequently added to the 
main tank. 'The resultant liquid diet was allowed to steep for 3 days before feeding to the 
piglets. A continuous fermentation was maintained for the duration of the trial. The 
volume in the mixing tank was strictly managed to ensure thanhe volume did not go below 
0.5 of the total original volume, Meal and water were added, in the correct proportions, to 
the residual feed in the tank at the end ofthe 24-hour feedingperiod'. After IO.days Diet I 
was replaced With Diet 2. 
Feedsystem and management 
The pigs were fed ad libitum on liquid feed (SLF or FLF), in troughs, using an automated 
liquid feeding system (Hampshire Feeding Systems Ltd., New Milton, Hampshire) 
(Section 6.2.2). 
Trial procedure 
Piglets were weighed at weekly intervals throughout .the experimental period. The health 
of the piglets was monitored closely and all medications and veterinary interventions 
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recorded. Feed intake, weight gain and water intake records were maintained throughout 
the trial. Additions of new feed' were made to the liquid feed tanks on a daily basis. 'Fhe 
temperature of the liquid feed tanks was monitored using a TinyTalk-Temp (Orion 
Components Ltd., Chichester, UK). The pigs received' Diet 1 for the first 10 days 
postweaning with the diet changed to Diet 2 for the fimil 10 days. Residual feed in the 
tanksiensured that the change from Diet 1 to Diet 2 was a gradual process. 
Statistical analysis 
Differences between means were assessed by an two" tailed independent Hest according to 
Xo-X> 
the equation: t = Sp )O,f no)+ (11 n,) where Jli == ,Jl2• Data were checked for homogeneity 
of variance (Levene's test). Statistical analyses were undertaken using Minitab v. 10.2 
(Minitab Inc., Pennsylvannia, USA, 1994). 
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6:4.3 Results 
Animal health 
There were no major problems with the health of the,piglets. In the first week, two piglets 
(both SLF) were treated for joint-ill with one ml injections of Duphamox (Solvay Duphar 
Veterinary, Southampton, England) on four consecutive days, On day 14, one of these 
piglets whose performance was being compromised by infection with joint-ill was 
removed from the trial. Pigs fed on both diets had mildly loose faeces but without 
evidence of scour. 
Biological performance 
The biological performance of the pigs is summarised in Table 6.4. The cumulative dry 
matter feed intake is presented in Figure 6.4. 
Taken over the whole 21 days, treatment had no significant overall effect on the. dry matter 
feed intake, average daily gain (ADG), dry matter feed conversion ratio ~DMFCR) and 
total water intake (TWI). The overall ADG for the three week trial was. 404 g d'1 and 423 
g d- 1 (s.e.d = 41.6) and the DMFCR was 0.96 and 0.90(s.e.d = 0.04) for the SLF and FLF 
treatments respectively. There was a significant difference (P < 0!01) in the second week 
for BMFCR with FLF having the advantage over SLF, 0.88 compared with ]1.0] (s.e.d = 
0.03) respectively. Although not statistically significant, during the first week of the trial 
the piglets on the SLF treatment had an improved performance, this trend was reversed by 
the third week. 
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Table 6.4 Performance of pigs fed sanitised or fermented liquid feed. 
Parameter Period Sanitised liquid Fermented s.e.dt p 
feed liquid feed 
Dry matter feed week 1• 214.2 1'84,0 28.4 ns 
intake (g-1 d~ 1 ) week2 443.7 374.6 54.6 ns 
week 3 566.4' 613.3 79:9 ns 
Mean 408.1 390;6 50.4 ns 
Daily gain (g-1 d- 1) week I 301.8 235_1 47.3 ns 
week2 427.4' 426.8 55,8 lis 
week3 580.7 606:0 57:0 ns 
Mean 404.4 422.6 4'1.6 ns 
Dry matter feed weekT 0.71 0.81 0.06 ns 
conversion ratio week 2 L04 0.88 0.03 **' 
week 3 1.11 1.01 0.10 ns 
Mean 0.96 0.90 0.04 ns 
Total water intake week 1 368.2 304:4 64.6 ns 
(mr1 pig d-1) week2 290.8 297.6 81.2 ns 
week 3 458.0 532.6 128.0 ns 
Mean 3723 378.2 59:8 ns 
t 
-standard error of the difference, ns- no significant difference between means,** means are significantly 
different P < 0.01 (2-tailed independent Hest). 
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6.4.4 Discussion 
The results of this study demonstrated that both sanitation of the liquid feed with 300 ppm 
chlorine dioxide and fermentation of the diet with Lactobacillus plantarnm produced 
excellent results in terms of the biological performance of the weaner pigs. The initial 
study (Section 6.3) on the effect of fermentation and I or sanitation of liquid diets on the 
feeding preferences of newly weaned ,piglets demonstrated a strong preference for the 
sanitised feed. In this study where the piglets did not receive a choice, there was no 
significant difference in overall feed intake, average daily gain or feed conversion ratio. 
The performance parameters of piglets for the three weeks on trial were comparable with 
the results found by Geary et al. ( 1999) who compared the biological performance of 
piglets fed. a liquid diet fermented with Pediococcus acidilactici (P A) and liquid feed 
treated with 1.25 % (w/v) lactic acid (LA). Geary et al. (1999) controlled the microbial 
growth in the fermentation tank with the addition of 1.25 % (w/v) lactic acid by lowering 
the pH of the liquid feed to 4.0 and compared with a fermented. liquid feed inoculated with 
a starter culture, Pediococcus acidilactici. They reported an ADG of 442 g d- 1 and 480 g d-
1 for PA andt LA .respectively compared with the ADG of 404 g d- 1 and 423 g d- 1 (s.e.d = 
41.6) for SLF and FLF treatments respectively in this study. Furthermore, the DMFCR's 
reported by Geary et al. (1999), 1.06 and 0,99 for PA and LA treatments respectively, 
compared with those found in this study, 0,96 and 0.90 for SLF and FLF treatments 
respectively. 
The fermented liquid feed in this study appeared to be well accepted and the differences in 
feed intake and performance are small. Larger studies need to be conducted on 
commercial units to evaluate the potential for the use of chlorine dioxide in liquid feeding 
systems where acceptance of feed causes intake problems occur during the post-weaning 
period. 
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6.5 The effect of addition of a sweetener on the feeding 
preferences of newly weaned piglets fed fermented liquid 
,feed ad libitum 
6.5.1 Introduction 
The end-metabolites and acidity of the liquid feed following fermentation may impart a 
very strong flavour for newly weaned piglets. Piglets have been demonstrated to prefer a 
sweet tasting feed (Kare, Pond and Campbell 1965; Kennedy and Baldwin 1972; Bradley 
1983; Purser, Ward and Felisa 2000}. The addition of sugar may be counter-productive as 
the lactic acid bacteria may utilise the sugar as substrate and convert to lactic acid thereby 
increasing the acid content further. Therefore, the addition of a non-fermentable artificial 
sweetener such as saccharin may be beneficial in increasing feed intake in .the period 
immediately post-weaning. 
The aim of this study was to establish whether the inclusion of a saccharin based sweetener 
to fermented liquid feed had an influence on feed intake by newly weaned piglets and 
assist in the identification of factors which influence feeding behaviour. 
The objective of this trial was 
• to monitorfeed selection by piglets based on the choice of two individual feeds 
determine how uniform the individual responses of pigs were to the presence of the 
sweetener in fermented liquid feed 
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6.5.2 Materials and Methods 
Experimental design 
llhe experiment was allocated according to a randomised incomplete block design with six 
paired dietary treatments and four replicates. 
Dietaey treatments 
There were four dietary treatments: 
A) FLF = fermented liquid feed (Control) 
B) FLF (50)= fermented liquid feed+ 0.50 ml J"1 sweetener 
C) FLF (75) =fermented liquid feed +0.75 ml 1"1 sweetener 
D) FLF (I 00) == fermented liquid feed+ 1.0 ml J" 1 sweetener. 
One replicate comprised of one individually housed piglet presented with one of the 
following six paired treatments: 
Treatment pair I : 
Treatment pair 2: 
Treatment pair 3: 
Treatment pair 4: 
Treatment,pair 5: 
Treatment pair 6: 
FLF vs FLF (50) 
FLF vs FLF (75) 
FLF vs FLF (I 00) 
FLF (50) vs FLF (75) 
FLF (50) vs FLF (100) 
FLF(75)vs FLF (100) 
Diet and dietprepw:ation 
The diet used was a commercially produced first stage starter diet produced by ISCA 
Nutrition (Exeter, England). llhe declared nutrient composition of the diet was (g kg- 1): 
crude protein 220; crude fibre 25; total ash 65 and oil79. The diet was supplemented with 
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vitamins (i.u kg-1): vitamin A 15;000; vitamin D3 2,000 and vitamin E 15. l'he diet 
contained 160 mg kg- 1 copper as CuS04 as a growth promoter. The diet contained no 
growth promoting antibiotics. 
Fermented liquid feed.- fermented liquid feed was ·prepared by mixing 2.5 kg of feed with 
7.5 kg of water (1 : 3 w/w ratio) in a 25 litre fermentation 1bin (RPC containers, Oakham, 
England). One litre was removed and inoculated· with 10 mlof an overnight culture (MRS 
broth, 30°C, - 9 log10 cfti mr1) of Lactobacillus plantarum (PC-81-11-06, Alltech Inc., 
Kentucky, USA). The mixture was stirred to ensure a homogenous distribution of the 
starter culture before being mixed into the bulk liquid feed· in the fermentation bin giving a 
final concentration of approximately 6 log10 cfu mr1 liquid feed. In advance to the trial, 
the feed was fermented for 96 ·hours and incubated at 30°C for the duration of the 
fermentation. Fifty percent of the fermented feed was .fed each day and 50% 'backslopped' 
at a 50:50 ratio with fresh liquid feed and incubated at 30°C overnight; this accelerated the 
fermentation process. 
Fermented liquid feed with sweetener addition - Fermented liquid feed was prepared as 
above. The exception to the preparation was that the 50% of FLF to be eaten daily had an 
additional process step included. Liquid caramel flavoured sweetener was added a range 
of concentrations depending on the treatment, 0.5, 0.75 and 1.0 ml r1 liquid feed. llhe 
sweetener was added to the feed in the trough and mixed' thoroughly before feeding. The 
sweetener used in this study was Flavour Liquid Sweetener (David Moore Flavours, 
Stamford, Lines, England). This product contains saccharin and a complimentary blend of 
sweet caramel and vanilla flavours and1 is supplied as a liquid. The maximum usage rate, 
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due to presence of saccharin, is one m! r1 of liquid feed and.can only be given to piglets up 
to 4 months of age. 
Trial procedure 
Eight individual pens in the specialist facility were stocked with newly weaned pigs (23.5 
± 0.5 days of age, 12 of each sex) weighing 7.95 ± 2.0 kg live weight. Each pig was 
offered a choice of two different feed preparations in two separate troughs. This 
corresponded to a feed treatment. Treatments were assigned randomly to the experimental 
design. The pigs were maintained on treatments for 14 days, and· were weighed at weekly 
intervals throughout the experimental period. Feed was distributed and samples taken as 
described in Section 6.3.2. 
Data analysis 
Data were analysed as described in Section 6.3.2. 
6.5.3 Results and discussion 
There were no health problems during this study. In this study, the piglets did not show a 
preference for any particular liquid feed treatment, in total volumetric intake (Figure 6.4) 
or in individual ,preference (Figure 6.5). One can speculate that the maximum 
concentration of saccharin added, 1.0 ml per litre ofliquid feed 
did not impart an agreeable or disagreeable flavour on the fermented 'liquid feed 
or the feed masked the flavour of the saccharin and caramel flavouring in such a way 
that it could not be tasted and therefore was of no influence on palatability. 
Certainly from a human perspective, the flavour of the liquid feed was not altered by 
addition of the flavoured sweetener (personal tasting notes). 
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Figure 6.4 Average feed consumed (kg) per pig by feed type. 
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where: FLF = fermented liquid feed; FLF (50) = fermented liquid feed + 0.50 ml r• sweetener; FLF (75) = 
fermented liquid feed+ 0.75 mll-1 sweetener; FLF (100) = fermented liquid feed+ 1.00 mll'1 sweetener. 
Figure 6.5 Percentage preference of feed preparations containing different levels of 
sweetener when given in paired choice combinations. 
AvsB AvsC AvsD BvsC BvsD CvsD 
D A=FLF • B=FLF(50) • FLF (75) D FLF (100) 
ns - no statistical differences were observed in feed selection (2-tailed paired sample t-test), where: FLF = 
fermented liquid feed; FLF (50), FLF (75) and FLF (100) - FLF containing 0.50, 0.75 and 1.00 ml r' 
sweetener respectively. 
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6.6 The effect of potassium sorbate (0, 0.5, 1.0 and 2.0 kg 
tonne"1) addition on the feeding preferences of newly 
weaned pigs fed fermented liquid feed ad libitum 
6.6.1 Introduction 
Despite the use of specific inoculants and considerable care in maintaining a hygienic 
'kitchen', fermented liquid feed may suffer from a number of spoilage problems caused by 
bacteria, yeasts and moulds. In particular, these microbial spoilage problems include gassy 
spoilage and off-flavours produced by coliform bacteria during the initial fermentation 
period, and yeasts during prolonged steeping(> 24 h). Yeast can produce a wide range of 
volatile and non-volatile compounds during fermentation (Stam, Hoogland and Laane 
1998; Olesen and· Stahnke 2000), not all of which may be desirable for the young piglet. 
For many years the food industry·has used potassium sorbate as a food additive to extend 
the shelflife of fermented and• non-fermented products (Sofos and Busta 1981 ). 
The antimicrobial properties and food applications of sorbic acid and sorbates has been 
extensively reviewed (Sofos and Busta 1981; Liewen and Marth 1985; Lund and Eklund 
2000). Sorbic acid is a potent inhibitor of the growth of a wide variety of yeasts, moulds 
and bacteria, with less effect on the lactic acid bacteria. The selective properties of 
potassium sorbate has been exploited in the preparation of fermented foods to promote a 
lactic acid bacteria fermentation and suppress the growth of spoilage yeasts and moulds 
(Abdalla, Davidson and Christen 1993; Efiuvwevwere and Ezeama 1996; Turantas, 
Goksungar, Dincer, Unluturk, Guvenc and Zorlu 1999). In a study on the sensory 
attributes of a fermented rice dish for human consumption, the inclusion of potassium 
sorbate was found to extend the overall acceptability period and improve the shelf life of 
the product ~Efiuvwevwere and Ezeama 1996). The result was concentration dependent, 
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with higher inclusions increasing the score over storage duration. Woolford (1975) found 
potassium sorbate to exert a favourable antimicrobial spectrum during the production of 
silage, inhibiting the spore-forming bacteria, yeasts and moulds but not the lactic acid 
bacteria. 
At the University of Plymouth, laboratory studies have demonstrated that potassium 
sorbate inhibited the yeast population during a 96 h steeping period without affecting the 
lactic acid bacteria fermentation (Moran, unpublished data). The effect of potassium 
sorbate was dependent on temperature with a concentration greater than 0.5g kg- 1 w/w, 
necessary to completely inhibit yeast (< 3.0 log I 0 cfu mr 1) at 30"C and 2.0g kg-1 w/w at 
20"C. This may have been due to the decreased rate of fermentation by the lactic acid 
bacteria at 20"C, thereby allowed the yeast to start growing. 
The inclusion of potassium sorbate had a significant effect on the coliform population of 
FLF, which was dependent on temperature and inclusion of an inoculant (Table 6.5). The 
study demonstrated the importance of a rapid reduction in pH of FLF to maximise the 
benefit effect of potassium sorbate. Therefore, the .flavour of the fermented ·liquid feed 
may be improved by excluding the yeasts and coli forms by including both an inoculum and 
potassium sorbate, 
With respect to safety, potassium sorbate is metabolised in the pig like other dietary fatty 
acids, by P-oxidation and complete oxidisation to C02 and H20(Liewen et al. 1985). 
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Table 6.5 Influence of potassium sorbate (0, 0.5, 1.0, 1.5 and 2.0 g kg'1 KS) on 
coliform counts (log10 cfu mr1) (n = 2) during the initial 48 h of 
fermentation of liquid feed, with and without a Lb. plantarum inoculum 
KS (g kg- 1) 20"C 30"C 
Uninocu1ated Oh 24h 48h Oh 24h 48h 
0 < 3:0 3.43 7.61 < 3.0 8.34 7.78 
0.5 < 3.0 3.41 8.04 < 3.0 8.30 7.60 
1.0 < 3.0 3.67 8.36 < 3.0 8.34 7.46 
2.0 < 3.0 3.52 8.28 < 3.0 7.67 7.34 
Inoculated 
0 < 3,0 6.25 < 3.0 <3.0 < 3:0 < 3.0 
0.5 < 3.0 4.30 < 3.0 < 3~0 < 3.0 < 3.0 
1.0 < 3.0 4.90 < 3.0 < 3.0 < 3.0 < 3.0 
2.0 < 3.0 3.30 <J.O < 3:0 < 3.0 < 3.0 
The aim of this study was to establish Whether the inclusion of a yeast inhibitor to 
fermented liquid feed had an influence on feed intake by newly weaned piglets and assist 
in the identification of factors which influence feeding behaviour. 
The objectives of this trial were 
• to monitor feed selection by piglets based on the choice of tWo individual feeds 
• to determine how uniform the individual responses of pigs were to the presence of the 
potassium sorbate in fennented liquid feed 
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6.6.2 Materials and Methods 
Experimental design 
The experiment was allocated according to a randomised incomplete block design with six 
paired dietary treatments and four replicates. (See Section 6.2 General description of 
experimental facilities) . 
. Dietary treatments 
There were four dietary treatments: 
A) FLF = fermented liquid feed; 
B) FLF (0.5 KS)= fermented liquid feed with 0.5g kg- 1 potassium sorbate; 
C) FLF (1.0 KS)= fermented liquid feed with l.Og kg- 1 potassium sorbate; 
D) F:LF (2.0 KS}= fermented liquid feed with 2.0g•kg-1 potassium sorbate. 
One replicate comprised of one individually housed ,piglet· presented with one of the 
following six paired treatments: 
Treatment pair 1 : 
Treatment pair 2: 
Treatment paif 3: 
Treatment pair 4: 
Treatment paif 5: 
Treatment pair 6: 
FLF vs FLF (0.5 KS) 
FLF vs FLF (1.0 KS) 
FLF vs FLF (2.0 KS) 
FLF (0.5 KS) vs FLF (l.OKS) 
FLF (0.5 KS) vs FLF {2.0 KS) 
FtF (1.0 KS) vs FLF (2.0 KS) 
Diet and diet preparation 
The diet specification is given in Section 6.5.2. 
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Fermented liquid feed- fermented liquid feed was prepared by mixing 2.5 kg offeed.with 
7.5 kg ofwater(1 : 3 w/w ratio) in a 25 litre fermentation bin (RPC containers, Oakham, 
England). One litre was removed and inoculated with 10 m! of an overnight culture (MRS 
broth, 30°C, - 9 log1o cfu ml'1) of Lactobacillus plantarum (PC-81-11-06, Alltech Inc., 
Kentucky, USA). The mixture was stirred to ensure a homogenous distribution of the 
starter culture before being mixed into the bulk liquid feed in the fermentation bin giving a 
final concentration of approximately 6log10 cfu ml'1 liquid feed. Initially the fermented 
feed was prepared 96 hours in advance and incubated at 30°C for the duration of the 
fermentation. Fifty percent of the fermented feed was fed each day and 50% 'backs lopped' 
at a 50:50 ratio with· fresh liquid feed and incubated at 30°C overnight; this accelerated the 
fermentation process. 
Fermented liquid feed with potassium sorbate additions - Fern1ented liquid feed was 
prepared as above but individual treatments contained 0.5, 1.0 and 2.0 g kg' 1 potassium 
sorbate as determined by the experimental design. 
Trial procedure 
Eight individual pens in the specialist facility were stocked with newly weaned pigs. (23.1 
± 0.15 days of age, 1'2 ofeach sex) weighing 7.7 ± 0.19 kg live weight. Each pig was 
offered a choice of two ·different feed preparations in two separate troughs. T<his 
corresponded to a feed treatment. llreatments were assigned randomly to the experimental 
design. The pigs were maintained on treatments for 14 days. Piglets were weighed at 
weekly intervals throughout the experimental period. 
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·Feed was distributed and troughs maintained as described before (Section 6.3.2). Samples 
(lOOg) were removed from fermentation bins before being fed to piglets to monitor the pH 
and dry matter composition of the feed and estimated as described in Section 6.3.2. 
Samples were also removed for presence I absence of yeast and coliform bacteria. Health 
status of the piglets was assessed daily. 
Microbiology analysis of feed 
Microbial analysis of the FLF samples was conducted usmg selective media (Oxoid, 
Basingstoke, UK) to determine the presence I absence of yeasts and coli forms which could 
then be used to relate the success I failure of the potassium sorbate addition. Samples were 
diluted, lml sample: 9ml Maximum Recovery Diluent, and plated on MacConkey agar 
(24h at 37°C) for Coliforms and Rose Bengal Chloramphenicol agar for yeasts (3 days at 
Data analysis 
Data were analysed as described in Section 6.3.2. 
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6.6.3 Results and discussion 
Microbiological analysis 
As expected, no colifonns were observed from any of the treatments during the study. 
Yeasts were present on all days in the Control (0% KS) treatment, counts were not 
estimated. Yeasts were present after 5 and 8 days for the 0.5 and 1.0 KS treatments 
respectively. No yeasts were detected in the 2.0 KS treatment. These results suggest that 
the potassium sorbate inhibited the yeast at the lower concentrations (0.5 and 1.0 KS) by 
extending the lag period of growth, but at 2.0 KS the potassium sorbate was lethal for the 
yeast. These results are consistent with other studies (Restaino, Levnovich and Bills 1982; 
Efiuvwevwere and Ezeama 1996; Turantas et al. 1999). 
Preference test 
The addition of potassium sorbate has a profound effect on the flavour and aroma of the 
fennented liquid feed• (personal tasting notes). The effect of potassium sorbate on .the 
aroma and ·flavour was improved with increasing concentration. The 2.0 KS .treatment had 
a weak aroma compared with the other treatments and contained a simpler (acid) flavour. 
Piglets had a significant preference (P < 0.01) for 0.5 KS treatment compared with 0 KS 
treatment, 67.3% and 32.7% respectively (Figure 6.7). Interestingly, the higher inclusions 
( 1.0 and 2.0 KS) of potassium sorbate did not result in a significant preference over the 
Control (0 KS). This suggests that the yeasts present did not significantly contribute to ihe 
flavour of liquid feed. Although, there was a trend for a preference of the 2.0 KS 
treatment, 3 of the 4 pigs, compared with the Control (0 KS) (Figure 6.8). Overall, the 
results suggest that the addition of potassium sorbate may have an influence on the 
preference·ofpiglets when food is given in a paired choice combination. The results are 
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Figure 6.7 
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Palatability studies 
Percentage preference of feed preparations containing different levels of 
potassium sorbate (0, 0.5, 1.0 and 2.0 kg f 1) when given in paired choice 
combinations. 
AvsB Avs C AvsD Bvs C BvsD CvsD 
0 FLF (O% KS) • FLF (0.5% KS) • FLF (1.0% KS) D FLF (2 0% KS) 
Percentage preference ofFLF with and without 2.0g kg-1 potassium sorbate 
when given in a paired choice combination. 
2 3 4 
Pig 
OKS • 2.0KS 
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not conclusive and large numbers of pigs need to be tested to obtain a definitive answer. 
The lack of aroma and simple flavour of the 2.0 KS treatment make give the producer the 
opportunity to alter the flavour using sweeteners and flavourings. 
346 
Chapter 6 Palatability studies 
6.7 The effect of addition of a sweetener on the feeding 
preferences of newly weaned pigs fed fermented liquid 
feed ad libitum containing the yeast inhibitor, potassium 
sorbate (2kg I tonne) 
6. 7. 1 Introduction 
The addition of potassium sorbate to the fermented liquid feed (FLF) did not have a 
conclusive effect on palatability (Section 6.6). It was obser:ved that the addition of 
potassium sorbate, 2g kg' 1, significantly altered the aroma and flavour of the FLF as 
perceived by a human (personal tasting notes). vhe flavour of the feed was acidic to taste 
but did not have a strong aroma. Previous work (Section 6.5) demonstrated that the piglets 
did not show a preference for FLF containing a sweetener and flavouring. But the FLF in 
that study 'had a ·heavy and complex aroma and flavour that may have masked the added 
caramel flavour sweeter. 
The aim of this study was to-establish whether the inclusion of a saccharin based sweetener: 
to fermented liquid feed, which had been treated with potassium sorbate (2.0 g kg- 1), had 
an influence on feed intake by newly weaned' piglets. It is hoped that the findings may 
assist in the identification of factors that influence feeding behaviour. vhe objective of this 
trial was to monitor feed selection by piglets based on the choice of two individual feeds. 
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6. 7. 2 Materials' and Methods 
Dietary treatments 
There were four dietary treatments: 
E) FLF (KS) = fermented liquid feed (Control) 
F) FLF (KS + 50) = fermented liquid feed + 0.50 ml r' sweetener 
G) FLF (KS + 75) =fermented liquid feed + 0.75 ml r' sweetener 
H) FLF (KS + 1 00) = fermented liquid feed + 1.0 ml r' sweetener. 
One replicate comprised of one individually housed piglet presented with one of the 
following six paired treatments: 
Treatment pair l: 
Treatment pair 2: 
Treatment pair 3: 
Treatment pair 4: 
Treatment pair 5: 
Treatment pair 6: 
FLF (KS) vs FLF (KS + 50) 
FLF (KS) vs FLF (KS + 75) 
FLF (KS) vs FLF (KS +lOO) 
FLF (KS +50) vs FLF (KS + 75) 
FLF (KS + 50) vs FLF (KS + 1 00) 
FLF (KS + 75) vs FLF (KS + 100) 
Diet and dietpreparation 
The diet used was a commercially produced first stage starter diet produced by ISCA 
Nutrition (Exeter, England) (Section 6,5.2). All feed had 2g potassium sorbate ki1 feed 
included for this study. 
Fermented liquid feed - fermented liquid feed was prepared as in Section 6.6. 
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Fermented liquid feed with sweetener addition - Fennented liquid feed was prepared as 
in Section 6.6. The exception to the preparation was that the 50% ofFLF to be eaten daily 
had an additional process step included. Liquid caramel flavoured sweetener was added at 
a range of concentrations depending on the treatment, 0.5, 0.75 and 1.0 ml r1 liquid feed. 
The sweetener was added to the feed in the trough and mixed thoroughly before feeding. 
Trial procedure 
Eight individual pens in the specialist facility were stocked with newly weaned pigs (21.5 
± 0.5 days of age, 12 of each sex) weighing 8,8 ± 1.4 kg live weight. Each pig was offered 
a choice of two different feed preparations in two separate troughs. This corresponded to a 
feed treatment. Treatments were assigned randomly to the experimental design. The pigs 
were maintained' on treatments for 14 days. Piglets were weighed at weekly intervals 
throughout the experimental period. 
Feed was prepared and distributed as described before. Samples (I OOg) were removed 
from fennentation bins before ·being fed to piglets to monitor the pH and dry matter 
composition of the feed and estimated as described in Section 6.3.2. Health status of the 
piglets was assessed daily. 
Statistical analysis 
Data were analysed as described in Section 6.3.2~ 
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6. 7.3 Results and discussion 
The addition of the sweetener did not have an effect on the palatability of the FLF treated 
with potassium sorbate (Figure 6.9). The piglets ate approximately equal quantities of 
each of the feeds. From a human perspective the sweetener and flavouring could be easily 
identified in the treatments (0.5, 0.75 and 0.75 ml r1). It can be assumed that one of three 
possible scenarios has arisen: 
llhe piglet cannot differentiate the caramel-flavoured sweetener from the background 
taste ofFLF 
• 1he piglet does not differentiate the caramel-flavoured sweetener as a beneficial or 
deleterious addition to the FLF 
The saccharin did' not mask the acid flavour 
• The piglet equally enjoys,eating an the combinations of feeds that were presented. 
In conclusion, the inclusion of a caramel-flavoured sweetener did not effect the taste 
preference of piglets offered FLF. The inclusion of2g potassium sorbate kg-1 feed allowed 
for a template to test the caramel-flavour sweetener. Further work is needed to test 
alternate sweeteners and flavourings, as well as investigating the influence of aromas on 
the palatability of FLF. 
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Figure 6.9 
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Percentage preference of FLF (2 g potassium sorbate kg-1) containing 
different levels of sweetener (0, 0.5, 0.75 and 1.0 m1 r1) when given in 
paired choice combinations. 
ns ns ns ns ns ns 
AvsB AvsC AvsD BvsC BvsD CvsD 
D A=FLF(KS) • B = FLF (KS +50) • FLF (KS + 75) D FLF (KS + 100) 
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6.8 Conclusions 
Changing the production process of liquid feed can alter .flavour preference of pigs, Piglets 
display a preference for non-fermented liquid feed when given in a paired choice test. 
Although, piglets tended to consume similar quantities of either a fermented or non-
fermented diet when given in a ·non-preference situation, as ,practised on commercial farms. 
Attempts to modify the flavour and hence preference of fermented liquid feed were not 
entirely successful. The inclusion of potassium sorbate showed promise, although greater 
numbers of pigs may be necessary to demonstrate the effect more conclusively. 
The fermentation ofliquid feed was controlled in this study, with· inclusion of a successful 
inoculant (Chapter 2) and maintained at a constant 30°C. Furthermore, no antibiotics were 
included in the feed that may have interfered with the efficacy of •the lactic acid' bacteria 
fermentation. Therefore, the controlled fermentation may have ,produced a· liquid feed that 
was very acceptable to the piglet. Hence, an accurate estimate of the contribution that 
potassium sorbate and sweeteners have on palatability can only be achieved; by conducting 
trials on commercial farms with feed intake problems' 
The modification of flavour and aroma from the inclusion of chlorine dioxide and 
potassium sorbate suggests the large role the complex microflora has in determining the 
final flavour of liquid feed. A greater understanding of the contribution each microbial 
group imparts on the flavour is necessary to determine the approach needed to beneficially 
enhance the final product. The negative association of the epiphytic microflora on 
palatability may also suggest the need for a clean-up step, i.e. heat treatment, .to be 
introduced prior to steeping. 
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l!he post-weaning period is very difficult for the young piglet. Many of the problems 
associated with feed intake are behavioural and not related to palatability. The piglet is 
unfamiliar with food and the methods of its acquisition, which may be the reason for the 
noise in the data. One may get a better measure of improved palatability by taking an, older 
pig (35 kg) with an established feeding pattern, thereby getting a clearer picture if the pig 
likes a food or not. 
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Chapter 7 
Concluding Discussion 
The studies contained in this thesis were aimed at increasing the safety and palatability of 
fennented liquid feed, for the post-weaning piglet. The objective of the fennentation of 
liquid feed is to encourage the growth of lactic acid bacteria and reduce the pH of the 
liquid feed to approximately pH 4 through the production of lactic acid. This is usually 
sufficient to inhibit undesirable ·and potentially pathogenic organisms. These spoilage 
organisms, principally the enterobacteria and yeasts, degrade amino acids, produce C02 
and 'off-flavours', as well as causing diseases resulting in post-weaning diarrhoea with a 
concomitant loss ofperfonnance through a growth-check. 
The fennentation of liquid feed is a complex process with many factors (i.e. temperature, 
feed ingredients, microbial population, in-feed antimicrobials, continuous fed-batch vs 
batch production, duration of steeping, water quality) influencing the final product. Upon 
feeding, if the FLF is found to be of poor palatability and safety then this will affect the 
growth perfom1ance and general health of the young piglet. tin recent years, the numbers 
of producers converting to a liquid feeding system has increased for two main reasons, the 
inclusion of liquid eo-products reduces cost of production and the benefits in gut health 
have implications for food safety. For this reason, there is a strong commercial pressure to 
develop standard operating procedures, which when followed create a consistently high 
quality FLF product. 
The use of lactic acid bacteria as starter cultures for food and feed preservation is well 
established (Lindgren and Dobrogosz 1990). Within 48 h at 20°C, using a Lb. plantarum 
inoculant, it was possible to fennent the liquid feed rapidly, achieve a low pH (4.0) and 
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eliminate colifonns from the diet. At present, this temperature is achievable on fanns in 
the United Kingdom. The use of an inoculant gives a significant improvement over the 
uncontrolled fennentation by introducing control and predictability. The perfonnance of a 
prospective LAB inoculant may be impaired by the inclusion of certain in-feed 
antimicrobials, thereby impeding the decline in pH and allowing the proliferation of 
spoilage organisms. This identified Aureosup 100, Cyfac HS, Eskalin 500, Terramycin 
10% and Tylamix having a detrimental effect on the growth and I or acid production of Lb. 
plantarum during the preparation of fennented liquid feed (Chapter 2). 
Earlier work by Geary et al. (1999) and Jensen and Mikkelsen (1998) only studied the 
decline of colifonns as the fennentation progressed with ·the assumption that any new 
colifonns entering the system would not survive. But this study (Chapter 4) has shown 
that the survival of the .potential swine pathogens, E. coli alid Salmonella spp., in addition 
to lactic acid concentration and' pH, was dependent on .temperature and the duration the 
feed was fennented before contamination occurs. Temperature was the single largest 
influence·on the decimal reduction time in the fennented feed, with the greatest survival of 
strains at 20°C and the shortest at 37°C. Furthermore, pH per se, was found not to be an 
accurate measure of biosafety without considering the temperature of feed. The 
implication from this work is that the current temperature of production in the United 
Kingdom is too low from ensuring complete biosafety in the liquid feed. Therefore, future 
designs for liquid feeding systems should incorporate a heating mechanism for either the 
whole tank or the water entering the system, as well as insulating the system against ·loss of 
heat introduced from the pump. 
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It has been suggested that FLF may be a potential replacement to antimicrobial growth 
promoters (Brooks 1998; Scholten et al. 1999). The 'adult' microflora of the young piglet 
has not yet been established by weaning and is dramatically disturbed by the weaning 
process. The feeding of FLF offers an opportunity to stabilize the fluctuations by 
promoting a beneficial microbial population, whilst acidifying the upper G.I. tract, thereby 
inhibiting potential pathogens. 
A study was conducted to examine the effect of feed form (FLF, NFLF, Dry and Suckled) 
on the microbiology of the young piglets' gut, two weeks post-weaning. Benefits from 
feeding FLF appear to be multi-factorial (Chapter 5). The FLF was characterised by high 
numbers of lactic acid bacteria and yeast, a low pH and a high concentration of lactic acid. 
No coli forms bacteria (<3.0 log 10 cfu g'1) were detected in the temiinal ileum of pigs fed 
FLF compared with 8.5, 8.1 and 6:0 log 10 cfu g·1 digesta in dry feed, NFLF and piglets left 
to suckle their dam respectively. The exclusion of coliforms from the feed through 
fermentation, a reduction in gastric pH and a high lactic acid concentration in the stomach 
inhibiting pathogen proliferation, may reduce the potential for a disease challenge. 
Mikkelsen and Jensen (1997) found a low number of coli forms at the terminal ileum of 
piglets fed a FLF, but in their study they did not successfully eradicate the coliforms 
population in the feed which may account for the differences with this study. 
The main effect of feeding a fermented diet was to increase the lactobacilli numbers in the 
gut. This effect was accentuated when the ratio of lactobacilli : coliforms (L : C) was 
examined, which is believed to be an indication of gut health and concomitant animal 
performance (Muralidhara et al. 1977). The dry fed pigs had a negative L : C ratio, the 
suckled and NFLF treatments resulted in an approximately equal number of lactobacilli to 
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colifonns whilst feeding a fennented diet dramatically increased the L : C ratio. Jensen 
and Mikkelsen (1998) have also found a decrease in microbial activity, as measured by 
ATP activity, in the gastrointestinal tract of piglets fed FLF. All of this suggests that FLF 
satisfies the criteria to replace antimicrobial growth promoters during the post-weaning 
period. In fact, FLF may be superior as it promotes a 'eubiotic' microflora in the 
gastrointestinal tract, whilst many of the antimicrobials used as growth promotants are 
active against lactic acid bacteria, thereby reducing the 'barrier effect' that these bacteria 
may afford the young piglet. 
The production of a biosafe feed that ,beneficially modulates the gastrointestinal micro flora 
is redundant if the piglet does not consume sufficient quantities to maximize its growth 
potential. Typically, voluntary feed intake during the post-weaning period is low with a 
concomitant growth check. Palatability is understood to play an important role in the 
acceptability of feed by the weaner pig. The studies reported in this thesis suggest that the 
piglet prefers a non-fennented liquid feed (Chapter 6), although piglets will consume equal 
quantities of fennented and non-fennented feed in a non-choice situation. The associated 
behavioural problems at weaning and lack of familiarity with food make the weaner pig 
difficult to work with. There are many factors other than palatability influencing the pigs 
decision process. 
The production of a reproducible fennented liquid feed is fraught with difficulty. The 
flavour of the FLF is dependent upon the complex micro flora, which is iri a constant state 
of flux with a continuous fennentation process. 'f:he micro flora of the feed is dependent, 
for example, on the temperature, pH, lactic and acetic acid concentration, epiphytic 
microflora entering the system, water quality, feed ingredients, inclusion of in-feed 
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antimicrobials, use of starter cultures and concentration of dissolved oxygen. In addition, 
infection with bacteriophage, dominance of a heterofermentative lactic acid bacteria 
population or yeast overgrowth can all result in spoilage of the liquid feed and refusal by 
the piglets. The use of palatability enhancers and sweeteners to mask the off-flavours 
created by one or more of the microbial species present in liquid feed may be redundant 
due to the overpowering nature of the antagonistic compound. It would make much better 
sense to inhibit the formation of the volatile and non-volatile compounds associated with 
unpalatable off-flavours by eliminating the microbes that produce them before they enter 
the system. 
Heat sterilization offers the best and most economical option in the control of the feed 
micro flora. The sterilisation of feed in a meal form is cheaper than production of pellets 
(Mick Hazzeldine, 2000, pers comms,). In this situation, due to the killing of the epiphytic 
LAB, the introduction of a LAB inoculant or the recycling of a portion of FLF would be 
essential in obtaining a rapid reduction in the pH. 
Future work 
Little work has been done on the underlying science behind the production of fermented 
liquid feed or it's applications. There is a definite lack of understanding in the microbial 
ecology and succession during the continuous process of FLF production. llhe failure of 
producers to get a reproducible product from a continuous process may be rectified by 
changing to a batch fermentation system. The use of batch production would offer greater 
control, safety and reproducibility in the system. Feed could be sterilized I sanitized before 
entering the tank thereby reducing the risk of spoilage and obtaining a reproducible 
flavour. Perhaps the greatest potential in using a batch system is the use of specific 
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microbial inoculants and enzymes to upgrade specific components of the diet. Individual 
raw materials could be fermented separately to enhance their nutrient value and then added 
to the rest of the diet immediately before feeding. The work described in Chapter J, 
fermentation of liquid milled wheat, is an example of the application ofthis technology. It 
would be relatively simple for the producer to install additional tanks on farm to 
accommodate the separate ingredients. 
Another area that requires attention is the examination of the role of FLF in protecting the 
piglet from disease challenge. The results of both this work and Jensen and Mikkelsen 
(1·998) suggest that fermented liquid feed modulates the gastrointestinal microflora under 
ordinary rearing conditions, but there are no data on the susceptibility of piglets to a 
pathogen challenge from outside of the feed·. It needs to be established if FLF can protect 
piglets when experimentally infected with E. coli K88+ by oral gavage. Furthermore, the 
mechanism of protection needs to be elucidated. 
A surveillance mechanism should be put in place, whereby those pigs receiving fermented 
liquid feed are monitored for the development ofacid-tolerant strains of enteropathogens, 
particularly during outbreaks of diarrhoea. It is important that the replacement of 
antimicrobial growth promoters in the diet, in order to reduce the incidence of antibiotic-
resistant strains of bacteria, is not replaced with the development I selection for acidc 
tolerant pathogen strains that can cause another'human food and health .concern. 
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Summary of main conclusions 
At 20"C, the use of lactic acid bacteria starter cultures in the production of FLF ensures a 
morerapid reduction in pH. Of the bacteria tested, the inclusion of Lb. p/antarum resulted 
in the lowest terminal pH, 3.8. 
This study demonstrated that fermentation was an effective mechanism for eliminating 
potential porcine pathogens from liquid feed. Biosafety ofFLFhas been demonstrated as a 
function of pH, lactic acid concentration and temperature. The bactericidal properties of 
FLF can be enhanced through a prolongation in the· duration of fermentation using the 
starter culture, Lb. plantarum. 'Uhis study found that the optimum bactericidal effect from 
FLF was found at 37"C. 
Feeding piglets a fermented liquid feed had a significant effect on the microbial ecology of 
the lower gastrointestinal tract of the piglet during the post-weaning period. FLF promoted 
an 'eubiotic' microflora characterised by a high lactic acid bacteria population and a low 
coli forms population. 
These results demonstrate a benefit to be achieved from feeding FLF in terms of piglet 
health and dietary prevention of enteric diseases. 
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